4 



Serial No. 09/900,084 Page 2 of 14 

IN THE CLAIMS 

The application was originally filed with Claims 1-57. Claims 1-19, 36-49 and 
51-57 were previously canceled. Claims 32, 34, 35 and 50 were previously amended. 
Claim 20 is currently amended. Claims 21-31 and 33 are as originally filed. New 
Claims 58-60 are added. Claims 20-35, 50 and 58-60 are pending. Any additions to 
the claims are indicated by underlining and any deletions are indicated by 
strikethrough. The status of the claims is shown in parenthesis at the beginning of 
each claim. 

Claims 1-19 (PREVIOUSLY CANCELED). 

Claim 20 (CURRENTLY AMENDED) : A method of hybridizing a 
microarray of oligonucleotides bound to an adsorb e d a polymer adsorbed surfac e on a 
surface of a siliceous substrate with a nucleic acid material comprising the step of 

incubating the nucleic acid material with the microarray of oligonucleotides on 
the adsorbed polymer surface in a hybridization solution at a hybridization temperature 
ranging from about 55°C to about 70°C so as to hybridize the nucleic acid material, 

wherein the hybridization solution comprises a buffer composition that 
comprises a pH within a range of pH 6.4 to 7.5, a non-chelating buffering agent that 
maintains the pH within the pH range, and a monovalent cation in a monovalent cation 
concentration ranging from about 0.01 M to about 2.0 M. 

Claim 21 (ORIGINAL): The method of Claim 20, wherein in the step of 
incubating, the non chelating buffering agent is selected from a group consisting of 2- 
[Af-morpholino]ethanesulfonic acid (MES), 3-(A^-Morpholine)propanesulfonic acid 
(MOPS), Piperazine-A^A^ , -bis(2-ethansulfonic acid (PIPES), 
Tris(hydroxymethyl)aminomethane hydrochloride (TRIS-HC1), 
Hydroxyethylpiperazine-A^-2-ethanesulfonic acid (HEPES), and N- 
Tris(hydroxymethyl)methylglycine (TRICINE). 
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Claim 22 (ORIGINAL): The method of Claim 20, wherein in the step of 
incubating, the monovalent cation is selected from a salt consisting of one or more of 
LiCl, NaCl and KC1 and the monovalent cation concentration ranges from about 0.1 M 
to about 2.0 M. 

Claim 23 (ORIGINAL): The method of Claim 20, wherein the adsorbed 
polymer surface comprises a polycationic polymer. 

Claim 24 (ORIGINAL): The method of Clam 23, wherein the polycationic 
polymer is selected from a group consisting of one or more of polyethylenediamine, 
poly-acrylamide, poly-L-arginine, poly-L-histidine, and poly-L- lysine. 

Claim 25 (ORIGINAL): The method of Claim 20, wherein in the step of 
incubating, the buffer composition further comprises a chelating agent selected from a 
group consisting of one or more of ethylenediaminetetraacetic acid (EDTA), trans- 1, 
2-diaminocyclohexanetetraacetic acid (CDTA) and diethylenetriaminopentaacetic acid 
(DTP A) that has a chelating agent concentration of less than about 100 |iM. 

Claim 26 (ORIGINAL): The method of Claim 20, wherein in the step of 
incubating, the buffer composition further comprises an ionic surfactant selected from 
a group consisting of one or more of sodium dodecyl sulfate (SDS), lithium lauryl 
sulfate (LLS), N-lauryl sarcoside, acylated polypeptides, linear alkybenzene sulfonates, 
lignin sulfonates, paraffin sulfonates, sulfosuccinate esters, alkylnaphthalene 
sulfonates, isethionates, alkanolamine condensates, and N-alkylpyrrolidones, and 
wherein the step of incubating comprises using a hybridization chamber, and the ionic 
surfactant is provided in an amount sufficient to wet surfaces of the hybridization 
chamber and loosen bubbles impinged on the surfaces of the hybridization chamber. 

Claim 27 (ORIGINAL): The method of Claim 26, wherein the amount of ionic 
surfactant is a surfactant concentration ranging from about 0.01% to about 0.2% (w/v). 

Claim 28 (ORIGINAL): The method of Claim 20, wherein the buffer 
composition has a total cation concentration of about 0.02 M to about 2.0 M. 
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Claim 29 (ORIGINAL): The method of Claim 20, wherein in the step of 
incubating, the non chelating buffering agent is 2-[A^morpholino]ethanesulfonic acid 
(MES), the monovalent cation is LiCl, the monovalent cation concentration is greater 
than or equal to 300 mM, the pH is within the range of pH 6.6 to 6.8. 

Claim 30 (ORIGINAL): The method of Claim 29, wherein in the step of 
incubating, the buffer composition further comprises one or both of a chelating agent 
ethylenediaminetetraacetic acid EDTA having a chelating agent concentration of about 
50 jaM, and an ionic surfactant selected from sodium dodecyl sulfate (SDS), lithium 
lauryl sulfate (LLS) having a surfactant concentration that ranges from about 0.02 % to 
about 0. 1 % (w/v), and the buffer composition has a total cation concentration of about 
750 mM. 

Claim 3 1 (ORIGINAL) : The method of Claim 20, before the step of incubating, 
further comprising the step of combining the nucleic acid material with the buffer 
composition. 

Claim 32 (PREVIOUSLY AMENDED): The method of Claim 20, after the 
step of incubating, further comprising the step of interrogating the hybridized 
microarray at a first location, the first location being a physical location either where 
the incubation of the microarray is performed or another location separate from the 
microarray incubation location. 

Claim 33 (ORIGINAL): The method of Claim 32, further comprising the step 
of transmitting data representing a result of the interrogation. 

Claim 34 (PREVIOUSLY AMENDED): The method of Claim 33, further 
comprising the step of receiving the transmitted data at a second location, the second 
location being a physical location that is different from one or both of the first location 
where the microarray interrogation's performed and the microarray incubation 
location. 
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Claim 35 (PREVIOUSLY AMENDED): The method of Claim 34, wherein 
the first location is remote from the second location, the remote first location being 
physically separated from the second location. 

Claims 36-49 (PREVIOUSLY CANCELED). 

Claim 50 (PREVIOUSLY AMENDED): A method of performing a high 
temperature hybridization assay comprising the step of: 

incubating a nucleic acid material with a microarray of oligonucleotides in a 
hybridization solution at a hybridization temperature ranging from about 55°C to about 
70°C so as to hybridize the nucleic acid material, 

wherein the microarray comprises a siliceous substrate with an adsorbed polymer 
surface and oligonucleotides bound to the adsorbed polymer surface, and 

wherein the hybridization solution comprises a pH within a range of pH 6.4 and 
7.5 and a buffer composition, the buffer composition comprising a non-chelating 
buffering agent that maintains the pH within the range and a monovalent cation having 
a monovalent cation concentration ranging from 0.01 M and 2.0 M. 

Claims 51-57 (PREVIOUSLY CANCELED). 

Claim 58 (NEW): A method of hybridizing a microarray of 

oligonucleotides with a nucleic acid material comprising the step of: 

incubating the nucleic acid material with the microarray of oligonucleotides in a 
hybridization solution at a hybridization temperature ranging from about 55°C to about 
70°C so as to hybridize the nucleic acid material, the oligonucleotides being bound to 
a polymer coating adsorbed on a surface of a siliceous substrate, the adsorbed polymer 
coating being non-covalently bound to the siliceous substrate surface, 

wherein the hybridization solution comprises a buffer composition that 
comprises a pH within a range of pH 6.4 to 7.5, a non-chelating buffering agent that 
maintains the pH within the pH range, and a monovalent cation in a monovalent cation 
concentration ranging from about 0.01 M to about 2.0 M. 
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Claim 59 (NEW): The method of Claim 58, wherein the non chelating 

buffering agent is 2-[A r -morpholino]ethanesulfonic acid (MES), the monovalent cation 
being LiCl, the monovalent cation concentration being greater than or equal to about 
300 mM, the pH being within the range of about pH 6.6 to about 6.8, and wherein the 
adsorbed polymer coating is a polycationic polymer. 

Claim 60 (NEW): A method of reducing surface degradation to a 

microarray of oligonucleotides during a high temperature hybridization assay 
comprising: 

incubating a nucleic acid material with the microarray of oligonucleotides in a 
hybridization solution at a hybridization temperature ranging from about 55°C to about 
70°C so as to hybridize the nucleic acid material, the oligonucleotides being bound to 
a polycationic polymer that is adsorbed to a surface of a siliceous substrate, the 
adsorbed polycationic polymer being non-covalently bound to the siliceous substrate 
surface, 

wherein the hybridization solution comprises a buffer composition that 
comprises a pH within a range of pH 6.4 to 7.5, a non-chelating buffering agent that 
maintains the pH within the pH range, and a monovalent cation in a monovalent cation 
concentration ranging from about 0.01 M to about 2.0 M. 
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REMARKS 

Claims 20-35 and 50 were pending and were rejected. Applicant has amended 
Claim 20 and has added new Claims 58-60 for consideration. Claims 20-35, 50 and 
58-60 are now pending. Reconsideration and allowance of Claims 20-35, 50 and 58- 
60 in light of the remarks below are respectfully requested. 

With respect to the pending Advisory Action, the Examiner contended that the 
claims do not recite the features of an adsorbed polymer surface that Applicant relies 
upon to distinguish over Goldberg et al., USPN 6,203,989 Bl. The Examiner 
contended that neither the claim nor the specification defines or discloses an 
explanation of the term "adsorbed polymer surface". The Examiner stated that the 
undersigned's remarks can not be considered as evidence against the closest prior art 
in absence of a clear definition of the term "adsorbed polymer surface". 

However, MPEP 2111.01 Plain Meaning states "The words of a claim must be 
given their plain meaning unless they are defined in the specification". Since the 
Examiner admitted that neither the claim nor the specification defines or discloses the 
explanation of the term "adsorbed polymer surface", the terms must be given their 
plain meaning. It is respectfully submitted that the definition of 'adsorption' or 
'adsorbed' is well known in the art and available in a variety of reference sources. 
Moreover, the term 'polymer' is well known in the art and defined in many readily 
available reference sources. Also, the term 'surface' clearly refers to a surface of the 
siliceous substrate and therefore needs no further definition. Exhibits A-C enclosed 
herewith and others cited below are references to the plain meanings of 'adsorption', 
'adsorbed' and 'polymer', all of which support the distinguishing features of the 
invention over that disclosed by Goldberg et al. 

Exhibit A (4 pages) - "The Condensed Chemical Dictionary", Tenth Edition, 
revised by Gessner G. Hawley, Van Nostrand Reinhold Company, 1981, page 22, 
defines 'adsorption' as "Adherence of the atoms, ions or molecules of a gas or liquid 
to the surface of another substance, call the adsorbent (q. v.). The best known 
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examples are gas/solid and liquid/solid systems. ... The attractive force of adsorption 
is relatively small, of the order of van der Waal's forces (q. v.). . . .". 

At page 834, The Condensed Chemical Dictionary defines 'polymer' as "A 
macromolecule formed by the chemical union of 5 or more identical combining units 
called monomers. ..." 

Exhibit B (4 pages) - "Webster's New World Dictionary", Third College 
Edition, Victoria Neufeldt, Editor in Chief, David B. Guralnik, Editor in Chief 
Emertius, Simon & Schuster, Inc., 1988, page 18, defines 'adsorb' as to collect (a gas, 
liquid, or dissolved substance) in condensed form on a surface" and 'adsorption' as an 
adsorbing or being adsorbed; adhesion of the molecules of a gas, liquid or dissolved 
substance to a surface." 

At page 1047, "Webster's New World Dictionary" defines 'polymer' as "a 
naturally occurring or synthetic substance consisting of giant molecules formed from 
polymerization." 'Polymerization' is defined as "the process of chaining together 
many simple molecules to form a more complex molecule with different physical 
properties. ..." 

Exhibit C (41 pages) - Adamson, A. W. and Gast, A. P., "Physical Chemistry of 
Surfaces", 6 th ed., John, Wiley & Sons, Inc., New York, NY, (1997), pp. 421-459, 
including the numerous references provided therein. For example, for the adsorption 
of polymers onto a surface there are certain requirements for it to meet the accepted 
definition: first, the polymer must be soluble in the chosen solvent, thus it is typically 
limited to linear polymers, second, the polymer is usually polydisperse so that the 
system can act as a multicomponent system acted upon by fractionation effects, third, 
the adsorption is exceedingly slow compared to other diffusion limited attachments 
because of the large number of configurations possible at the solid-solution interface 
(after hours of exposure the adsorption may appear to have leveled off, but in actual 
fact the adsorption continues to accumulate over days or even months). Generally 
described by "Langmuir Equation" that describes the behavior of an adsorbate toward 
a surface from a dilute solution including only chemical interactions (adsorption free 
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energy), not covalent and is generally restricted to a single monolayer next to the 
surface. Very similar to the chemisorption of gases and has the same rapid decline in 
solid-solute interaction as one moves away from the surface. 

U. S. Patent No. 5,807,522 to Brown et al (copy not included herewith) - In 
particular at Column 4, lines 38-42, thereof, it is stated "The substrate includes, in one 
aspect, a glass support, a coating of a polycationic polymer, such as polylysine, on said 
surface of the support, and an array of distinct polynucleotides electrostatically bound 
non-covalently to said coating . . .". At Column 7, lines 43-46, it is stated, "One such 
surface described below is a glass surface having an absorbed layer of a polycationic 
polymer, such as poly-l-lysine." At Column 13, lines 58-67, it is stated "The slide is 
coated by placing a uniform-thickness film of a polycationic polymer, e.g., poly-l- 
lysine, on the surface of a slide and drying the film to form a dried coating. The 
amount of polycationic polymer added is sufficient to form at least a monolayer of 
polymers on the glass surface. The polymer film is bound to surface via electrostatic 
binding between negative silyl-OH groups on the surface and charged amine groups in 
the polymers . . .". At Column 14, lines 3-8, Brown et al. states, "According to an 
important feature of the substrate, the deposited polynucleotides remain bound to the 
coated slide surface non-covalently when an aqueous DNA sample is applied to the 
substrate under conditions which allow hybridization . . .". 

Moreover, Curriculumvisions.com at the following website address defines 
'adsorption' as "The process by which a surface adsorbs a substance. The substances 
involved are not chemically combined and can be separated. Example: the adsorption 
properties of activated charcoal." 

http://www.curriculumvisions.com/Elements/ElementsGlossary.html 

The IUPAC Compendium of Chemical Terminology, 2 nd Edition, 1997 at the 
website address provided below defines 'adsorption 5 as "An increase in the 
concentration of a dissolved substance at the interface of a condensed and a liquid 
phase due to the operation of surface forces. Adsorption can also occur at the interface 
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of a condensed and a gaseous phase. O.B. 85; 1990, <52, 2171" 
http : //www . chemsoc . org/chembyt es/goldbook/AOO 1 5 5 .pdf 

The IUPAC Compendium of Chemical Terminology, 2 nd Edition, 1997 at the 
website address provided below defines 'polymer' as "A substance composed of 
macromolecules. 1996, 68, 2289." 

http://www.chemsoc.org/chembytes/goldbook/P04735.pdf 

Also the following website allows a user to search terms in the IUPAC 
Compendium of Chemical Terminology, such that definitions for other terms, such as 
those for Van der Waals adsorption' or 'physical adsorption (physisorption)' and 
'macromolecules', for example, maybe retrieved, 
http : //www . chemsoc . org/ cgi -shell/empower . exe 

In light of plain definitions cited above, it is respectfully submitted that those 
skilled in the art know what is meant by an 'adsorbed polymer'. In particular, one 
skilled in the art would know that an adsorbed polymer is a polymer adhered to a 
surface non-covalently using non-chemical binding, such as by surface forces, van der 
Waals forces, and/or electrostatic forces, for example. Therefore, it is respectfully 
submitted that no claim amendments are necessary to Claims 20-22, 25, 28, 31 and 50 
to overcome Goldberg et al., USPN 6,203,989 Bl, under 35 USC 102(a). 

However, Applicant has amended Claim 20 to recite "a polymer adsorbed on a 
surface of a siliceous substrate" instead of "adsorbed polymer surface". Applicant 
submits that this amendment is fully supported by the specification as originally filed, 
is not made for any reason related to the patentability of the invention in Claim 20, and 
more importantly, this amendment does not change or narrow the intended scope of 
any element of Claim 20 or the claims dependent therefrom, relative to that originally 
filed. 

Moreover, Applicant has added new Claims 58-60 for the Examiner's 
consideration. New Claim 58 is an independent claim essentially similar to Claim 20, 
but further includes that the oligonucleotides are bound to a polymer coating adsorbed 
on a surface of a siliceous substrate, and that the adsorbed polymer is non-covalently 
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bound to the siliceous substrate surface. Support for this new claim is provided in 
Applicant's specification at page 13, lines 1-5, for example, and further by the plain 
definitions of 'adsorption' with respect to 'adsorbed polymer 5 , as provided above. 
New Claim 59 is dependent from new Claim 58 and is essentially similar to Claim 29, 
but further includes that the adsorbed polymer coating is a polycationic polymer. 
Support for new Claim 59 is found in Applicant's specification at page 14, lines 9-10, 
and Claims 23 and 29, as originally filed. New Claim 60 is an independent claim 
directed to a method of reducing surface degradation to a microarray of 
oligonucleotides during a high temperature hybridization assay. Support for new 
Claim 60 can be found in Applicant's specification at least at page 4, line 1 to page 5, 
line 2, page 6, lines 13-17, and page 15, lines 3-6, for example. The method includes 
incubating, as in Claim 20, but further includes that the oligonucleotides are bound to 
a polycationic polymer that is adsorbed on a surface of a siliceous substrate, and that 
the adsorbed polycationic polymer is non-covalently bound to the siliceous substrate 
surface. Additional support for new Claim 60 is also found in the support provided 
above for new Claims 58-59. 

In order to maintain an anticipation rejection, the cited reference must disclose 
each and every limitation of the claimed invention in order to maintain an anticipation 
rejection. In re Paulsen, 30 F.3d 1475, 1478, 31 USPQ2d 1671, 1673 (Fed. Cir. 
1994). Moreover, it is not enough that the prior art reference discloses all the claimed 
elements in isolation. Rather, as stated by the Federal Circuit, anticipation requires the 
presence in a single prior art reference disclosure of each and every element of the 
claimed invention as arranged in the claim. Lindemann Maschinenfabrik GmbH v. 
American Hoist & Derrick Co., 730 F.2d 1452, 221 USPQ 481 (Fed. Cir. 1984). In 
addition, the allegedly anticipating reference must be enabling and describe the 
claimed invention sufficiently to have placed it in possession of a person of ordinary 
skill in the art. In re Paulsen, supra, at 1673. The anticipation determination is 
viewed from one of ordinary skill in the art. There must be no difference between the 
claimed invention and the reference disclosure as viewed by a person of ordinary skill 
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in the field of the invention. Scripps Clinic & Research Found, v. Genentech Inc., 927 
F.2d 1565, 18 USPQ2d 1001 (Fed. Cir. 1991). 

Goldberg et al. fail to teach a method of high temperature hybridization using a 
microarray of oligonucleotides bound to a polymer adsorbed on a surface of a siliceous 
substrate or 'adsorbed polymer surface 5 , as claimed in Applicant's Claims 20-22, 25, 
28, 31, 50 and new Claims 58-60. The teachings of Goldberg et al. fail to include a 
polymer adsorbed on a siliceous substrate surface, as presently claimed. Therefore, 
Goldberg et al. fail to disclose each and every feature of the present invention claimed 
in Applicant's Claims 20-22, 25, 28, 31, 50 and new Claims 58-60 (In re Paulsen, 
cited supra.), such that there does exist a clear difference between the claimed 
invention and the reference disclosure as viewed by a person of ordinary skill in the 
field of the invention (Scripps Clinic & Research Found, v. Genentech Inc., supra). 
Contrary to that contended by the Examiner, one of ordinary skill would not consider 
the glass substrate of Goldberg as a polymer adsorbed on a surface of a siliceous 
substrate in light of the plain definition of 'adsorption'. Moreover in light of the plain 
definition of 'adsorption', one of ordinary skill would not consider the Goldberg et al. 
disclosure of polystyrene, polytetrafluoroethylene, silicon or glass in Col. 3, lines 34- 
39, broadly as "adsorbed polymer surface on a siliceous substrate", contrary to that 
contended by the Examiner. One skilled in the art would not know from the teachings 
of Goldberg et al. that any polymer disclosed by Goldberg et al. is or was adsorbed on 
a surface of a siliceous substrate. Therefore, Goldberg et al. fail to anticipate, or even 
make obvious, Applicant's Claims 20-22, 25, 28, 31, 50 and 58-60. Reconsideration 
is respectfully requested. 

With respect to the rejection of Claims 23, 24 and 32-35 under 35 USC 103(a) 
over Goldberg et al. (USPN 6,203,989 Bl) in view of Reynolds et al. (USPN 
6,316,608 Bl), Claims 23, 24 and 32-35 are ultimately dependent from Applicant's 
Claim 20 and include all of the limitations recited in Claim 20. Contrary to that 
contended by the Examiner, Goldberg et al. in fact fail to disclose the present 
invention, as claimed in Applicant's Claim 20. Therefore, Applicant's Claim 20 is 
allowable over Goldberg et al. If an independent claim is allowable over a reference, 
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then any claim depending therefrom is allowable. In re Fine, 837, F.2d, 1071, 5 
USPQ 2d, 1596 (Fed. Cir. 1988). Therefore, Claims 23, 24 and 32-35 are allowable 
over the teachings of Goldberg et al. in view of Reynolds et al. for at least the same 
reasons set forth above for the allowability of Applicant's Claim 20 over the teachings 
of Goldberg et al. 

With respect to the rejection of Claims 26-27 under 35 USC 103(a) over 
Goldberg et al. (USPN 6,203,989 Bl) in view of Cohen, USPN 6,322,989 Bl, Claims 
26-27 are ultimately dependent from Applicant's Claim 20 and include all of the 
limitations recited in Claim 20. Applicant's Claim 20 is submitted to be allowable 
over Goldberg et al. Therefore, Claims 26-27 are allowable over the teachings of 
Goldberg et al. in view of Cohen et al. for at least the same reasons set forth above for 
the allowability of Applicant's Claim 20 over the teachings of Goldberg et al. In re 
Fine, cited supra. 

With respect to the rejection of Claims 29-30 under 35 USC 103(a) over 
Goldberg et al. (USPN 6,203,989 Bl) in view of Cohen (USPN 6,322,989 Bl) and 
further in view of McDonough et al. (USPN 6,252,059 Bl), Claims 29-30 are 
ultimately dependent from Applicant's Claim 20 and include all of the limitations 
recited in Claim 20. Therefore, Claims 29-30 are allowable over the teachings of 
Goldberg et al. in view of Cohen et al. and further in view of McDonough et al. for at 
least the same reasons set forth above for the allowability of Applicant's Claim 20 
over the teachings of Goldberg et al. In re Fine, cited supra. 

In light of the remarks above, reconsideration and allowance of Claims 20-35 
and 50 are respectfully requested. Moreover, allowance of new Claims 58-60 is 
respectfully requested. 

In summary, Claims 20-35 and 50 were pending and were rejected. Applicant 
has amended Claim 20 and has added new Claims 58-60. It is submitted that Claims 
20-35, 50 and 58-60 are in condition for allowance. It is respectfully requested that 
Claims 20-35, 50 and 58-60 be allowed, and that the application be passed to issue at 
an early date. 
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Moreover, the Examiner is reminded to provide documentary evidence to 
support the Examiner's contention that the substrate materials disclosed by Goldberg 
et al. have an inherent characteristic of adsorption on each other should the Examiner 
decide not to allow Claims 20-35, 50 and 58-60 at this time. Such documentary 
evidence was requested in Applicant's Official Response dated May 9, 2003. It is 
respectfully submitted that it would be inappropriate for the Examiner to make a first 
office action in this RCE application final based on inherent characteristics and ignore 
Applicant's request for such documentary evidence. See MPEP §2144.03. 

Should the Examiner have any questions regarding the above, please contact 
Gordon M. Stewart, Attorney for Applicant, Registration No. 30,528 at Agilent 
Technologies, Inc., telephone number (650) 485-2386. If the Examiner's attempt to 
reach the undersigned is unsuccessful, the Examiner is requested to contact the 
undersigned at the telephone number listed below. 

Respectfully submitted, 
NELSON R. HOLCOMB ET AL. 




Attorney for Applicant(s) 
Registration No. 34,101 
(775) 849-3085 

Exhibits A-C follow after this page. 
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further) and converted into products by casting and 
other techniques. See also polyurethane rubber. 

adjuvant. A subsidiary ingredient or additive in a 
mixture (medicine, flavoring, perfume, etc.) which 
contributes to the effectiveness of the primary 
ingredient. 

"Admerol." 221 Trademark for a long oil, oxidizing 
copolymer for zinc- and lead-free stains and blister- 
resistant paints; binder for aluminum paints and 
varnish oils. 

"Admex." 221 Trademark for a series of plasticizers 
consisting variously of epoxidized soybean oil, 
tallate esters, monomeric esters and polyesters. 
Used in vinyl plastics. 

admiralty metal. A nonferrous alloy containing 70- 
73% copper, 0.75-1.20% tin, remainder zinc. It 
offers good resistance to dilute acids and alkalies, 
sea water, and moist sulfurous atmospheres. Sp. gr. 
(20°C) 8.53; liquidus temperature 935 6 C; solidus 
temperature 900° C. 

Uses: Condenser, evaporator, and heat exchanger 
tubes, plates, and ferrules. 

"Adofoam." 544 Trademark for oil-field additive 
used specifically in air-drilling and hydraulic frac- 
turing to produce stable foam in fresh water, salt 
water, acid /water solutions, sulfur /water, and oil/ 
water mixtures, 

"Adogen." 221 , Trademark for a series of fatty nitro- 
gen chemicals including amines, amides, amine 
acetates and quaternary ammonium compounds. 
Available in various grades for specific applications 
in fabric softeners, ore separation, detergents, petro- 
leum additives, corrosion inhibitors, bactericides, 
printing inks, antiblock and slip agents, water- 
proofing formulations and chemical intermediates. 

"Adol." 221 Trademark for a series of industrial fatty 
alcohols, specifically cetyl, stearyl, and oleyl, avail- 
able in a variety of grades for specific applications. 

"Adomall." 544 Trademark for multi-value water- 
fracturing additive for oil-field operations; kills 
bacteria, inhibits corrosion, lowers surface tension, 
reduces permeability damage, removes drilling mud 
from bore and fracture areas, and produces stable 
foam to return fracturing water from wells. 

"Adomite." 344 Trademark for oil-field additives to 
reduce fluid loss during hydraulic fracturing. 
"Adomite Mark II" functions in oil-based fractur- 
ing fluids; "Adomite Aqua" in water-based fracture 
fluids. 

"Adoquat." 544 Trademark for a quaternary ammo- 
nium salt used in waterflooding operations for 
secondary recovery of petroleum. It increases 
efficiency by inhibiting bacterial growth and reduc- 
ing microbial plugging. 

ADP. Abbreviation for (1) adenosine diphosphate 



(q.v.); (2) ammonium dihydrogen phosphate. See 
ammonium phosphate, monobasic. 

"Adrenalin." 330 Trademark for epinephrine (q.v,). 

adrenaline (epinephrine). A hormone having a 
benzenoid structure with the formula C9H13O3N. It 
is obtained by extraction from the adrenal glands 
of cattle, and is also made synthetically. Its effect 
on body metabolism is pronounced, causing an 
increase in blood pressure and rate of heart beat. 
Under normal conditions its rate of release into the 
system is constant, but emotional stresses such as 
fear or anger rapidly increase the output and result 
in temporarily heightened metabolic activity. 
Hazard: Toxic by ingestion and injection. 

adrenocorticotropic hormone. See ACTH; corticoid 
hormone. 

adriamycin (doxorubicin). An antibiotic drug re- 
ported to be effective against such types of cancer 
as leukemia and cancers of the breast and bladder. 
It is made by fermentation of a soil fungus. 
Approved by FDA for clinical research, but is said 
to have deleterious side effects. Synthetic routes to 
adriamycin and its analogs have been developed. 

adsorbent. A substance which has the ability to 
condense or hold molecules of other substances on 
its surface. Activated carbon, activated alumina, 
and silica gel are examples. 

"Adsorbosil." 425 trademark for adsorbents for use 
in chromatography. "Adsorbosil"- 1 is a mixture of 
specially purified silica gel and 10% calcium sulfate 
designed as a thin-layer chromatography powder; 
"Adsorbosil" CAB is designed for column chroma- 
tography. 

adsorption. Adherence of the atoms, ions or mol- 
ecules of a gas or liquid to the surface of another 
substance, called the adsorbent (q.v.) The best- 
known examples are gas/ solid and liquid /solid 
systems. Finely divided or microporous materials 
presenting a large area of active surface are strong 
adsorbents, and are used for removing colors, 
odors, and water vapor (activated carbon, activated 
alumina, silica gel). The attractive force of adsorp- 
tion is relatively small, of the order of van der 
Waal's forces (q.v.). When molecules of two or more 
substances are present, those of one substance 
may be adsorbed more readily than those of the 
others. This is called preferential adsorption. 
See also absorption, chemisorption. 

adsorption indicator. A substance used in analytical 
chemistry to detect the presence of a slight excess of 
another substance or ion in solution as the result of 
a color produced by adsorption of the indicator on 
a precipitate present in the solution. Thus a precipi- 
tate of silver chloride will turn red in a solution 
containing even a minute excess of silver ion (silver 
nitrate solution), if fluorescein is present. In this 
example, fluorescein is the adsorption indicator. 



POLYMEG 



834 



This group also includes resins for use with diisocy- 
anate to form rigid or flexible polyurethane foams. 

"Polymeg." 224 Trademark for polytetramethylene 
ether glycols. Available in three molecular weight 
ranges: 1000, 2000 and 3000. 

Properties: Waxy solids which melt to clear, viscous 
liquids at about 37° C. On supercooling (or nuclea- 
tion) the liquid resolidifies. Sp. gr. 0.985 (1000 M W) 
to 0.982 (3000 MW) at 35° C; soluble in aromatic 
and chlorinated hydrocarbons; slightly soluble in 
water, solubility decreasing with increasing molecu- 
lar weight. 

Use: Polyurethane technology. 

polymer. A macromolecule formed by the chemical 
union of 5 or more identical combining units called 
monomers. In most cases the number of monomers 
is quite large (3500 for pure cellulose), and often is 
not precisely known. In synthetic polymers this 
number can be controlled to a predetermined extent, 
e.g., by shortstopping agents. (Combinations of 2,3, 
or 4 monomers are called, respectively, dimers, 
trimers, and tetramers, and are known collectively 
as oligomers). A partial list of polymers by type is as 
follows: 

I. Inorganic 

siloxane; sulfur chains; black phosphorus; boron- 
nitrogen; silicones. 

II. Organic 

1. Natural 

(a) Polysaccharides 

starch; cellulose; pectin; seaweed gums 
(agar, etc.); vegetable gums (arabic, etc.) 

(b) Polypeptides (proteins) 

casein; albumin; globulin; keratin; insulin; 
DNA 

(c) Hydrocarbons 

rubber and gutta percha (polyisoprene). 

2. Synthetic 

(a) Thermoplastic 

elastomers (unvulcanized); nylon; poly- 
vinyl chloride; polyethylene (linear); poly- 
styrene; polypropylene; fluorocarbon res- 
ins; polyurethane; acrylate resins. 

(b) Thermosetting 

elastomers (vulcanized); polyethylene 
(crosslinked); phenolics; alkyds; poly- 
esters 

3. Semisynthetic 

cellulosics (rayon, methylcellulose, cel- 
lulose acetate); modified starches (starch 
acetate, etc.) 
See also following entries. 

polymer, addition. See addition polymer. 

polymer, atactic. See atactic. 

polymer, block. See block polymer. 

polymer, condensation. A polymer formed by a 
condensation reaction (q.v.). 



polymer, electroconductive. A polymer or elastome 
made electrically conductive by incorporation of t 
substantial percentage of a suitable metal powde 
(e.g., aluminum) or acetylene carbon black; tl 
proportion used must be high enough to permit (jji 
particles to be in contact with one another in ; tfi 
mixture. Polyelectrolytes such as ion-exchange res 
ins, salts of polyacrylic acid and sulfonated poly 
styrene are electroconductive in the presence p 
water. Pyrolysis of polyacrylonitrile makes it electri 
cally conductive without impairment of its structure 

polymer, graft. See graft polymer. 

polymer, high. An organic macromolecule compose* 
of a large number of monomers. The molecula; 
weight may range from about 5000 into the million: 
(for some polypeptides). Natural high polymers an 
exemplified by cellulose (C6HioO) n and rubbe 
(CsHsJn. Proteins are natural high polymer combina 
tions of amino acid monomers. The dividing lini 
between low and high polymers is considered to bt 
in the neighborhood of 5000 to 6000 moleculai 
weight. 

Synthetic high polymers (or "synthetic resins" 
include a wide variety of materials having properties 
ranging from hard and brittle to soft and elastic 
Addition of such modifying agents as fillers, color 
. ants, etc., yields an almost infinite number o: 
products collectively called plastics (q.v.). High 
polymers are the primary constituents of synthetic 
fibers, coating materials (paints and varnishes), ' 
adhesives, sealants, etc. Polymers having special 
elastic properties are called rubbers, or elastomers 
(q.v.). 

Synthetic polymers in general can be classified: 
(1) by thermal behavior, i.e., thermoplastic and 
thermosetting (q.v.); (2) by chemical nature, i.e M 
amino, alkyd, acrylic, vinyl, phenolic, cellulosic, 
epoxy, urethane, siloxane, etc., and (3) by moleculai 
structure, i.e., atactic, stereospecific, linear, cross- 
linked, block, graft, ladder, etc. (see specific entries). 
Copolymers (q.v.) are products made by combining 
two or more polymers in one reaction (styrene- 
butadiene). See also cross-linking. 

polymer, inorganic. A polymer in which the main 
chain contains no carbon atoms and in which 
behavior similar to that of an organic polymer can 
be developed, i.e., covalent bonding and cross- 
linking, as in silicone polymers. Here the element 
silicon replaces carbon in the straight chain; sub- 
stituent groups are often present, forming highly 
useful polymers. Other inorganic high polymers are 
black phosphorus, boron and sulfur, all of which 
can form polymeric structures under special condi- 
tions. At present these have little or no commercial 
significance. 

Note: Some authorities consider silicone resins to be 
semi-organic, since their substituent groups are 
comprised of methyl groups. 

polymer, isotactic. A type of polymer structure in 
which groups of atoms which are not part of the 
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' to effective voltage in; a circuit carrying an alternating current;; the 
reciprocal of impedance ^ : 

ad-mit'tedlly (ad mit'id l§, ad-) adv. .by admission or general agree- 
ment; confessedly /I am admtited/y:afraid/ & '■yi<<^ 

ad mix . (ad miks') . vt.; vf. |back-forn& by analogy with mix '■< admixt, 
mixed with < L admixtwkiipid ' fol.J to mix t (a* thing) in; mix with 
something >: .:<•.■■> ;• ':, :•• • V .r\ j I/-*' 

ad mix ture (ad miks'char) n. [< L ddmixtus, ppSotddmiscere < 

~. od-i to !+'' miscere^ tcf mix ...+■ -ure J ^ la mixture; 2 a thing or ingredir. 

• v ent y added' in^ :rf/--*;^ , .j*ft , V - V^ 1 

ad-mon^ish amdnesten' < OFt'dhionester 

• Mfcf?iW^.riMtar^;!.iult.: r<'-£- admonere '<■ ad-\ :to : + monere, Cto 
warn to caution against specific; faults; warn i 2 to*, reprove 
mildly 3 -to urge or exhort 4 to;;rihfprm ; or ^remind, by way. of a 
warning —SVW. advise -^ad mon'ish ing[ly adv. 44-ad-riiortfish- 

r : ment:ni:' f ';^^ ty:':ir:^y^-\ i>\ ..-J V-'- ''""^^tf '?'£■>■' . 

admonition (ad'ma riish'an) n. [ME amonicioun < OFr >amonir 

; tion;l admonition' < L admonition 'ddmoriereff&ee * precV ];? 1 %h 
admonishing or warning to correct some fault' 2a. mild rebuke; 

^•ireprimandv^t,. ^\o'\>^ ;,3; ; «> :f -' ^i-i; ^v..fl-c ' ':},?ly. ( ;,.. . 

adrinon|i'tor (ad'rhan'it ar, ad-) h. [L ? < admonere; see admonish- j a 
person who admonishes . ..j-A i-^is. v-:.; ,v:^ 

dClrmoh]'ht(^ry (-i tor'e) acfy. admonishing; warning ; . V • ■; . 

ad*natO: (ad'nfit') adj; |< L : adhatus, pp. of aidnasci, to: be born < 

■ ad , to;.* nasci: see genus | Biol, cohgeriitally joined together: said 
of unlike parts — ad na'tion n. • . ! ; ^ v ^ :•/> 

ad nau seiam (ad no'se' am', , rze-) . { L, to . nausea J to, the ^points of 
^disgust; to a< sickening' extreme r'>y vn;.-;t"V ;'<■., v t -: 

ad-nexja (ad neks'g) . fi*p/.. |ModL < L, neut. pi. of adnexiis >< 
adnectere: . see annex ] Ana*/ accessory parts : or appendages of an 
organ ^the ovaries are adnexa of the uterus/ —ad nexla I atf/ : - 

a|dO (aidooO n. f ME: ado 1 < northern Eng dial:; inf. at dp; to do J fuss; 

« trouble; exdterhent : ^ - ;v. /: •:'/,; ^'^'<t i t-.il y c^'i »r>. . 

^a|do-be (a dO'be) n. | ! Sp < Ar a^uba, the brick < a/,- the V Coptic 
W6e^ brick]. ,1 unburnt, sun-dried brick 2 the clay of which such 
brick is 1 made '3* a building .made of ^ adobe, esp. in the ; Southwest 

a(dO*bO '{a rdo'bO j lifc a Philippine ' dish consisting o if; pork or. chicken 
marinated in vinegar, garlic, soy sauce, etc., simmered, and then 

-fried '..-,'•;<..'* • ■ -\ iU. :> ;-/'<"' i v v i.ij-^-'- , 'j-v.. i j;/:. 

ad[0 les cence (ad"l es"ns) n. [ME & OFr < L adolescentia < 
adolescehs: see > fol. ] 1 the state or quality of being adolescent 1 2 

r the time of life between- puberty arid maturity; youth f> t : 

adlO les cent (ad"l esl'nt)>ady; %Fr ; '« L adoiescerw, -prp.; of ■ adoles* 
cere,, to come to maturity, be kindled t ? burh/< .*adale$cerei<:adV; to 

"■■■:*+ alescere, to increase; grow up < a/ere, to feed, sustain; akin to;OE 

■ aid (see. old); Goth aian; to'grow| ? l-^developing from childhood to 
^maturity; growing up "2 of or characteristic of adolescence; youth- 
ful, exuberant, immature, unsettled, etc. — n. a boy or a girl frbm 
puberty to adulthood; teen-age person- —SYN;- young > "< ; ' 

Adolph (ad^olf; a'dolf)^ IhxAdolphus < GHG Adolf, Adulf, lit., 

' nobleiwolf < adaU nobility ''+wolf, wolf] a 'masculine name^equiv. 
Li Adolphus; Ft. Adolphe-Ger. u Ad6lf ty-^wM /"vltfi'* >f-'. ■• 

AdlO-naji (a'd6 na'e, -ni'; -noi^; ad'6 nfi'i') |«eb^my tord < NW 
*Semitic -Ad6n, Adun, lord; -. ? 'akin to? Ar ^tdhin, command J God; 
Lord: used in Hebrew reading as a substitute for the "ineffable 
name" JHVH: see Jehovah < f^^^v'ri ■ > . r-Qv-vz-^\ ... 

AJdon is 'fi' dOn^is , -dan' - ) .-. I L r < Gr AdOhisj Gr.Myth: a ^handsome 
young man Joyed by Aphrodite!' he? is killed by a wild boar n. any 
ve^ hahdspmej young mari^^A|dbn^ ' ; I - 

a|dopt ( a dapt') vt. [ L adoptare < ad-f to + optare, to choose ] -'1 to 
choose ^ and bring into fa'-ce^in^relatipnahip'^-specif.', to take into 
one's own family by 'legdl process and raise as one's own child 2 to 
takeiup>and use (an idea, a practice, etc;) ! as onets own <3 to choose 
i and : -follow (a course) ; 4 to vote to accept - (a committee' report, 
motion v etc.) 5 to select as ; a required textbook — afdopt'a[b!e tadj. 
— ajdopt ee' h: ~a(dopt'er a c — ajdop'tloh Vj. - h-y; T^tfi^"-f*V 0'^ 

aldop tive (a dap'tiv): adj. Mbdoptivusf 1 hayingito do with adop- 

•^tion ; 2 : having become so by the act 'of adoption j /a doptive parents/ 
~ a)dop y ti vetly adv. • \ v^^ ' • v v . fa ■ # ]j it ; ? ' "* •> "vi '^'e'T- 

ajdorajble (a dor^a bal) ad/ |Fr < V adorabilis ] 1 [Now Rare] 

■ worthy of ; adoration ' or love - 2. '[Collog.] 1 delightful; charming — 
. ajdor'albil'itty or aldor'ajble ness n.'—ajdor'ajbly adK. ;^ ■ V : 
adjo rartion (ad'a ra'shan) n^[.Fr;^vL.oddraCio]v 1?a worshiping or 
r paying homage/ as tbra divinity; 2 great love; devotion, and respect 
ajdore (9 dor / )-v/. ajdored'i aldor'ing : |ME ddoureri <■ OFr ddourer < 

^ adorare, to worshijp < ad-; to + 6rarei to speak: see o"rati6n)] v - 1 

to worship as divine 2 to love greatly or honor highly;:' idolize; 3 

[Collbq ] to like very much : ^SK/V;?j^ 

irig^y adv., ., y\ \" Qt'HiS xtir-^n i r-.f-) 
a|dOrn? (a dorn') vt. | ME adornen (altered after L) r < OFr aourner . < 
111 ddornare < ad-;. to N-.ornare, to fit but: see ornament] 1 td'be 

ah ornament to; add beauty,- splendor,' or; distinction, to 2 to put 

decorations ; oh;; ornament ; i 7- lit r^.o: *•»;• ; i /..'.'•^.••"'V t30r, : ^ 

$ V7V. .—-adorh 1 : is.'used -of. that which , adds to the beautyiof isomethihg iby 
: gracing it with its own beauty:/roses adorned her hairy;, decorate implies 

the addition of something to -render; attractive , w ha ^ 
.plain - or bare^ [ to, deep rate a f wall with pictures/; ^rnam'ent ^is^aedivwith 

reference; to acxessbnes^which^en^nce the appearance; (i ' -icVown^prna-' 
. mehted. with jewels/; embellish suggests the addition .of IsometHing highly 
^ornamental' or. ostentatious for; effect; to beautify^is> tpf lend beauty ;to, .or 
v.heighten:the.Deauty of;; bedeck emphasizes 'the. addition of; showy things 

;/6edecAied;with jewelry/; : r v ^^■■^ : X-'t&.^i > A,.":?V',.-;' V -^ ; yfy&} r :^}>;i 
a|dorn'ment :(d dorh'mant) hi. 1 an adorning or being ^'adorned : 2ta 

decoration 6r'oriiament ; i ^ ■ ^ ^ !t ' 'Sk^^^»rti;h ■'<■- 



AJdor no (a dor'nS), Theodore Wie sen grund (ve'zan groonV) 1903- 

o69;;Ger. philosopher & music critic ; , . 

AJdo-wa^ad'c ^ wa, acV;-)^ar; 6/ ApWA't'.-'wk r- r * 

ajdbwn (a dcun') 'adv., prep: |ME ddoiim< OE fadun: see down 1 ]■ 1 

[Now rWeJ^down^v .^^.h;-^ -'s r'--. ■ ■■' -v.. . 

ADP~ (fi'de pe') i. ^didenosirie) ^ } a ^nucleotide ; 

''C^H'isNeOiijP^ present' in; and vital to the energy processes' of, all 
: : jivihg'cellsr'durihg^biol6gical' oxidations* energy ^ ; is stored in; the J ATP 

molecule as ADP is conver^d tb ATP^whK 
'•■ ADP; releasing the energy needed' for ; muscular, cbntractibris; phoitb- 
r whth'fesisi biblumineacence; biosyn : - ; - 1 '■•'-"<■ 

AuP^^ftrey.'automia^ ' : [ : {^ [ - : "[ ' '* 

AJdras-tlis - (a dra&'tmY*'0ts''-tiytH. "a 1 kirig of Argos who leads the 

■ Seven ;a'g A irisT ■ Th ebes ; «-sl>->'-*v<--- y ■ 1;-. ■ ■ 

8d rem (ad' rem') -[iiv to (the) thing] dealing directly with the 

• matter at hand; relevant '■ ; : : v ■ ^ ■ ^> ; •••• ' • •• 
a]d.r0 v nal;(a 'dre^rial)'^^' I'Ap-- +\ / RENAL ; ] 1 ■ hear the kidneys 2 of or 

• from the adrenal glands 7 — h. an adrenal gland ' ! ; : 1 
adrenal gland either "of a pair of endocrine organs lying immedi- 
ately above the kick ey f consisting of an inner medull3a%hich pro- 
duces ■epihephrihearid^ arid an outer cortex 5 which 



, produces a variety of 's^roid ; 'h6^rih'6nesVWe'KiDNEY/illus!, 
A A|dren|a lin (a ;dren'a Hn') | adrenal 1 V ^in 1 : so named (1901) by J : 
Takamine/ O.S. chemist who first isolated it] trademark for epi- 
nephrine ~n. [a-1 epinephrine: also ajdrenja line (a dren'a lin', 

ad;re[nerg^ { <' fol. +; Gr; erg(on),- work + ^icj 

1 / releasing epinephrine, or a similar, .substance /the adrenergic 
nerves of the sympathetic nervous system/ 2 like epiriephrihe. in 
chemical .activity [inadrenergU drug/,: ■ : 
a|dre|nb-'(9 drS'nd, -na; -dren'C, -dren'a) combining form' A adrenal 
gian^ [adrenergic] \ Alspi before a 

/ vowel, adren-r;'';;. : : ■ ' , f , ' 

a|dj^h^chrp^e (a drg'nO jcrom', ;na-; -dreii'6 : J }(&fetf?-Y!h.\ a" red 
.ybjib^emical^ and haying, a 

?.hem$sji^^ (,V,'r <i" ;' v '*''."'." "' '.' ' '. ' ', "f,\AV 

ajd rejnd'.cpi'j; tf : ca I (-kor'ti kal) [adj/of/or produced in, the cortex of 
the 'adrenal ^lelhds > -' : ." /;/ V.'- 

afdre|no cor ti co trop]ic (-kor'ti ko'trap'ik) aoy. (apreno-; i + ;cor- 
Ticb- F + '-tropic J that can stimulate the coitix of the adrenal glands 
Erroneously, aldrejnocor'ti co'troph^ic .C-traPik) 1 \ 
adrenocorticotropic hbrmohe ACTH 7 

Aldrila^rny^Cih. (a'drig a. mi'sin) trademark for . a powerful, antibiotic, 
;J C^H^oClNpn, ^?UB i ^d,.J^^yenVusly to . destroy cancerous tumors 
. despite; iWpotentiaV sen effects i.. , , ^ ' - / .'. . 

/ydr1^n;(a'drS^ Hqdrianus <: Adria, Hadria, .name 

' of two Italian cities ] • i 'a masculine name: fern. Adrjehne 2 Adrian 
,1V (born N ichoias : Brieafeipear), c. ll0d-59V'pbpe (11 5&-59 ): the only 
Eng. pope 3 ^ E(dgaf) Dlbuglas) 1st Baron 1889*1977; Eng. 
^neurpphysiolpgist,;,:;., 4sf , <. ^,J',y ; .-.. ■ ' , : ,, , ,^ . , ■ ■: 
Ajdri-an{0-ple (a'dre a n6<pal) p/d name o/Edirne ; , 

A^drhanrop|b'lis(;hap'a ^ 

AJdri-atjiC; (SeaJ,:(a'ar6 ,jat^ik) ,arm^.oi' the Mediterranean, between 

Italy and the Balkan Peninsula ' , : ; - , •• . . • 

Aldri-enhe ta'dre en'; Fr, a dr6 en') a.femirtine name: see Adrian 
a|drift (a drift') adv., adj. 1. floating freely without being steered; not 
;anchored; drifting 2 without any; particular aim or purpose ; 
a|drOii.(a droit') adj. |Fr v ,<>a, to; + 'droit fright .<- L di rectus, pp. of 
I difigere, direct] skillful in a' physical or mental way; clever; expert 
%[\m;'adroit handling of an /awkwardv situation/ -r:SYN. dexterous 
^'^roitjyarfif^ ,• ■ - ■ 

ad-SCj-ti-tiOUS (ad'si tish'as) ad/. ;.[ < h ddscitus, pp.\of adsciscere,* to 
receive with knowledge,' ■apprbye.;< ad-,, to + sciscereS to seek to 
. kiiowj f < 'scire, to know: see science ] added from an external source; 
supplemental ' r ; l ; \. - - y •••• ':..•>;•..•..-. T-.. ^ 

ad script (ad'skripf ) adj. [L adscriptw \';ipp. of ddscribere < ad-, to 

+;5crtpere, to write] written after . • * . 

ad scrip tion (ad skrip'shan) n.^ ascription ; 
ad?80rf>- (ad sorb'-,' -zorb') vt. Jt< 'Ad- +. . L' 'sorberev see absorb ] - to 
collect 5 (a gas, liquid, or dissolved substance) in icpndensed form oh a 
surface — ad sorb'alble adj.y : v iy.^v.-.'.-i^r' 
ad SOrb-ate (ad;s"6r< bit^ i z6ir / - i ;'-bat') hi a ; gas^liquid, etc. taken up 
■;'by<ads6rpti6nC ^y •'.,-"■>:: r"-. • \ v ^ ■'■ ' 

a^-sorbrent (a&^ atfy. that is 'capable : of adsorbing-;— 

n. a thins ^ or substance that adsorbs V ; " ': ' '■ 

ad SO rp tion (ad sorp'shan^ -zorp'-). n; |;<; adsorb , by analogy with 
irer < ABSORPTiON] an adsorbing orbeing adsorbed; adhesion of the mole- 
n)] v 1 -cijles ora gas^liquid, or dissolved substance to a surface —ad* sorp'- 
ize:;3 -:i^rad^W*^' il >^^A i"-;^"^-'. '• ••'» ■ 

ad'sujki bean (ad sdo'k'e, -zc^f-);AbzuKi;BEAN ? , r. t ..,. 

adlii'larlila' . (a'jOT.;. : le.r'^;.9i.'>:j9r)^ii:^ [It, ■< FT' aduldife; after Adul'ara 
'group of mountains -'in iSwitzerland + -aire,- Vary] a translucent 
kirid ; o f rorthoclase ; ^as the mooristo he - ■ ' ^ 
ad|u^lat^(a'j6ptlat',' -ja-) vt. -latled; -laflng |< L adulatus; pp. of 
ddulari, fawri upon, orig^ toiwag- the tail: < ads to +'• *ulos, tail < 
IE - '< base. %wel* >.'WALK: t cf. wheedle J -1 to praise k too highly 
or. flatter" servilely 2 to admire, intensely or excessively — adlu-la'- 
tion /i/— adr|u-ia!tbr^ J 

ajdult (a dult', ad'ult') adj. |L adult us, pp. of adolescer'e: see'ADOLES- 
cent jj; i ^growniup; mature in age^size, - strength, etc. 2 of or for 
adult persons /an : adult novel/ 3 containing or providing 'pornogra- 
phy :/adu# movies/' —n.'; 1 a man or woman who is fully grown 1 up; 
*] iM^ii\^^n^2^ ^anih^i^br^ pl^t^that^is-'fully ^developed 3 a 
person who has^reached the age of majority, now generally 18 years 
— 5 K^ripe — ajdulfness n. — aldulfhood n. = > 



} taming; composed of , or written in several languages — n. -T a person 1\ C\A7 




^'j^frdm the many 'joints P any of a $ehus- ^^b^o/u^K6^;m1nUill r ^ 
J;> perennial plants o f ; tne : buc kwheat ^ family ; ' shav 1 ing v; cdnipicUouj 
fl^nlarffed- nodes '. ocreflp/'flnri am flil I 1 * whitish. : PTPf»nish '; or pinlt *fl0wer*8 

r „ . . „ ■ , - - . _ rnuchr;aee^POLY- 

-graph J 1 an earl? device fdr'^roiuieinglwritinis"' or drawings r 2 
i&ah instrument for recording^ simultaneously ChM^ 
pi sure, respiration, pulse rate, etc.: see lie detector — pollygraph'llc 
*v ..'•v > ' r .-i-- >■ .V? ^^^tori-aa 
ppp lygty-hy (pa iij'a ne, po-) n. f < ModU pblygynia <-voly- ■+ Gr 
Ljij^jynie , woman , wi fe: see^c yno- J - 1 the, state or practice of havingHwo 
Sfeof more 1 wives at '-this same time 2 Bott the. fact of haying many styles 




TETRAHEDRON 



HEXAHEDRON" 

•i (.-.-; , ; ii^.'fc 



iwa solid figure, esp. one: with' 
||5mpre j than, v stx plane .sur-v 
Offices: » ; see "•also' 1 pyramid/ 
flillusV — polly he'dral atf. \: 
:'polly ; hy dric (pa^P hi'drik') . 

^ fld/. 1 ; fpOLY - +V H YDR (OX yU) + ' ^ 

l?$^cj containing more than 
^orie'hy^droxyl group (OH) .in ■ 
ll'tHfe-. molecule "Also polly hy ; ^ : 
Iproxty (-hi drak'se) ' - ' ^ ••• 
pt|y.hym-nija (pal'i him'n€ 
p)iA' ; pL' v < * Gr Pplymm\-< '■ 
Wpo.iy POLY : ' ''i t \'H%mr?6'8\-- i ? 
plyrtin:; see • hymn J ? Gf>Myth: 
fiJhe^Muse of sacred poetry., 
plso Po lym'nila (pb lim'-) ■ - 
Kljy -l:G (paTe ■ i'se'.) \pbly- > ^ ^ , ., 
M$nasinic-poly)c(y tidy lie ; ■■>■ 4 ; 6ctaWo'r6h v ' 
fiacid)} ...a. synthetic ri 
^nbohucleic acid 1 that- prb;^ 
l^jfesUhe production of'inWrferbh in : the v body- 
^fifinia th •* (pal'a i ma th') 71.*' I <; 1 G r < poly ma thSs, knowing- 5 much -\ v < 
lyV; poly^ + mahtHaheihiH&xn: seeVta athem aticK jI]' 'a> persbn of 
„ bat arid diversified jearning —polly rnatHnic ad}: >. W[ t .• : >' V; ^- ^ 
pjfy !me r^(p l al'b mar) ' ni [ Ger < ) 0 KpolymerSs;' o f many parts: see 
f^bLY??.«-- merous J- r i' 1 naturally becurrihgor 'SyntKe'tic •sbbsfan€e''6on^ 
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00DECAHE0R0N ■■ 



POLYHEDRONS... .. ' ni ^Q 




I»tym:er'i3m (pe lim'ar iz'am, pa-; paTi rriar-) />."theJcOhdition'of 
Peir^pblymeric^ •• ^ : *^Uua^i Rt^^ 

^tym*er|l : za' ; ti6n • (p6 lim'ar 1 a za'shah, 'pa-;;paTi';mttr^a-) zhp t l the 
^^^{of/chainin % g : !t^gether^humy simple » moleculesito 1 fbrm^a^nibfe 
^plex F molecule with different physical properties^ ' 2 the 'ehangihg 
^compound into' a^ polymeric fbrrn ; by 'this 'tproce'eb^—po^tym^er 
^^iz0v i -l2ed^--lz / ing;vf.vl'A - '> /'^po 
^;morbh' (pal'i 1 rriorf ) : ;/». | < Gr ^p6lymbrphos:?;Bee> poly-' & 
JORPH'p i B»6/: . ] a polymorphous organism or ■ one 1 : of : its forms ; 2 




|cm:; Mineralogy the property bfcertaih\substarices!^ 
itwoTb r. brio re r different forms ^br K syfitiems^ -2 Bi'ol; 1 th'e' ^ yondition^i h 
Mill ; a^species has twb 'or * more very diffe rent morpHblogi cal -fbrms, 
fthe'eastes of social insects or th^e' flowers- of certain plants^^''^ 
|-|i^6rlr)ho.-nu ; clejar (pal'i' moi^fo'neo'kle 1 ^•^riy^^atfy/'haVihg 
)b^!;nucleus/asHne ; heutrppM ' -W'jfy;* ^i^^'"- 

>0hOUS (pa -i* m6r^fes);Jfld/i' ; J Gr* poly morphos: ^ see 'PoLyi' & 
J> ofi ! having,^ or^exhibiting polymorphism /Also 1 pdl'jyTmoK- 
pol1y-mbr / phou8jIy-atfi!c- 'H : > ^ -^cvM'^J 
^Xlih^tpal'i.miks'in) ^. J[< ModL (Bacillus) polyrHyx(a)l,(< 
$5,P0LY- . + '.- myxa<' <* G r * myxa;\M UCUls) $ hIn !< Ji : any- 6 f various 
J|iBiqlics : obtained ■ from strains of a soil bacterium (Bacillus 
P|pia)resp. j ''ef fective against ' Gram -negative' bacterial - § 9$*?$ 
fo^n'eVsia ■* (pSl'a ^ne'zha; ■ -sha) [-'MbdLv <; 1 Gr poly- ; poly- V hSsos, 



Hsjah' ;(pari n6'5ian, -shan) n. 1 a member\b7j;any<>df^:t , he 
Menbusp'edples of Poly nesia 1 , including thVHa waiiaris = '■ Tah'ltiahs , 



pans^Maoris, Marquesans, -Tongans; arid ptheV groups^ 2^the 
iige^' of ^ Poly nesia, ; a subgroup ! of" 1 thel Austrbnesian tl ariguage 




PolygnotiiscApolysaGcfaacide 



poljy no mi|al (parj n6'me al) /i. ; 1[ foly- : +' (bi)NOMiAL"J ah ;e^p^ 
l ior jJ haine ; consisting^ of ^mbre 'itKani twovterms; :vsp^oif;;.> o)" Afeebraf a 



linear combination of -products of integral powers- of ,a L given* set' of 
rj variables,^ With constant coefficients * (Ex;^x s, -*>!3x r+| ^o^^ty^ 
••■y?y. !b) iBioliw species or^subspeciesi: name ^consisting, -of more ^ than 
^twoiterms^'atfy^corisistingof 6^ 

poltynucle|ar ?<pai!i vh'oo'klfi «0r^?nysw?i?) ^flflfy.^poLY-u+,. f nuclear ] 




polty oima viois (pal^e d^me): [[ poly-:;+ 'tOMa'Ji any^of > a^genus v^Poly- 
omavirus) of DNA viruses that naturally infect wild and; laboratory 
-i imifie, and^when i injected into ^newbbrnC mice ' ' or )■■ hiimste'rt^caus£| 

■ tUinbrs!^ ,fr.Oi«!iV;(j'S> I'i b'^.'.w^a^Vvtv 'Xu. 




\ ing'v'a :mouth fringed;. with ^ many k small?*y '.'^^ 
J slender j :tentacles^bearihg kihgiiig^ cfells i ? Mi \ ; *? 
^t'attthe tpp'oflVtubelike body, as the ( sea^> 
'^arieraorieibr ^^riydra 1 ^^ajfsmpothiproiect-^^iltv^ 
ing ■ growth ^ of ; hypert rophiedj-mucous >*J 

* membtane Unithemasal^ passages; blad-ii 
der, rectum, etc.-/, ' i V^' 

p6l[y?partyy(pfil'itipeVe) ^n4^ J -parries' ^ 
■ *; ' [JModL , ■ < ■*, fa polypu&p jpfrec^ the^cbm^.'!;; m 
> mbn* ■ base ' vbr 1 the ' connecting' ' tissue otb ^ ^ : 
which each member >; of ai .colony of >*> 1f< 

* polyps^is .\ attached Also polly paKi]umfv izlii 
•;-(-e i am),-p/. v ' ; ffla (-a);/'"; 1 ,;^ 1 ' '■■.H 1 - • 

polfy-pepttide t (paUivpfipf:tidO^'ffi^|roLY;r^,<^ 
peptide] a substance containing two or 





pp Ijy-p h 8f g i|a \i (pMl^<fa/j» t . ^jfi m -.:{ Moah^M. /yGr ; po/y-:; ^poLYi/ + 
(l pnagein; T to , eat: ; see lePHA'GOUS^Ifra 

;i ; eating of or subsistencevon mahy : kincis of food- ~p0?lyph|a-ig0U3 (pa 



f' lif a gas);atfy. 




PoI[y phe|m US (pal'i fe'mas)>in Homer's Odyssey, a Cyclops -who con - 
«r. firiesi Qdysseus : and*hia "companiohs^ ini a caVe ^^ untih Odysseus tblihds 
^K-himWtbat. they.'can. -escaped >■ (-v :<* ; v;r^m -'0 v 
T^pOlty phe|mu8 moth (pari ;ftfmas)ra largej;brqwhish'American(silk- 
. ' worm, moth (Anthewea po/yp7temu&^ 
^/•Hind.win'g '.-.^ v> .lx;'h*-^> . 

pOl|y phone j(pal'i .fon')t/i»PAonrt.^a polyph6riic?letter;br2otheri sym- 
5/ bbl? or;a ; group of letters or ay mbpls •. thafeist polyphon ic p- K*rt» o> : 
poljy phon|ic (pfil'i fari'ik): adj. 7 lGr polyphOnos, having- many -tones: 
fn see poly r- phone J^vl^having ion making mahy/sbun^i-Z^Afusibic) 
o»- of or characterized by polyphony; contrapuntal /6) that can produce 

more than one tone at a. time, as a piano 3uF!hdneti :j representing 
: i mbre thanjone 80undi;as the letteric as in cat tandfimcered^ Alsp^pO;* 
.rv1yph^;h6us (pa;lif a nasj^pol'ty-phpnflixalllyv^tfv.r; q* &r ^or^c^ ** 
po lyphlO 1 ny (paUifa j ne) j n, ; |Gr. polyphOn to: .see ;pqlY;t.i& phony*] ; 1 

multiplicity ,':pff sounds; tras vin ^an^i echo l 2< i Musicu a [Combining > of a 
- h number - of ; independent but. harmonizing melodies^ 

canon ; counterpoint 3 %honeti?&\\w representation rof \ twb i or r more 
/.v sounds by the same letter,^ symbol; or/group of ; sy rribplsj : as the group 
.irt/ttas'-ih thent'ahd-in^/uh', t':^:^i< ?. thirty ^'-wivm-m k y^i^-^r ■: 
poltyphy ■let|iC:Kpfil / iififIet'ik)(aof/.v|[;pbL r Y- phyletic <]? Biot jderiyed 

from more than^one aftoestral iypev4TpoJ1yphy:iet^i caI|ly^ady;DT..i 
poltyp-tde (pal^ipad'. -id') /i:* ; |polyP'> Vi'rfe (var:*of rio) l, zpbiD;(se'nse 

2).-i:>=.3 • .■■ ■ ■ .. %&&fcwwfa( [-:■>: 

polly-ploid (pal'i p\md')\adj. [polYt +.-pixfDj)h^viir|qg^1^-:humb^£of 

chromosomes ;( in ^ the: somatic cells vthree^'br * more stim'es the haploid 

number: — a polyploid icell or^brganism.^polfjyplOi1dyj;/i;}fe ; • 
pOlly*po|dy. (pal'j pb'de) n.; pi 'rtes lMElpotipotfyerA&pblypodium 

< jGT.poCypodipm\< : po/y-V'' poly- >[(pous" (gehiip^i^5>;/^po^^rp^«jt8 
^ creeping r;rbotstbcks J j; any ^;of ' a genus (Pblypodium^)fam\lyi rPoly? 

podiaceae) of ferns with leathery pinnati fid: leaves borne on creeping 

rootstocks'v: ■:hrr\ i rsy^m^'^ ^u'yyA^->\ \-\tx\<, ,\\ t ? r.^^ < mo^ 
.pdllyp'OU Sl- {p&V,\pw)\adj.< 6f ;or Jifce :a polype } -.;v; i&ci'vuiwzi >?■ ■ moi'» 
poltypropylenej (pal'ii ipro'pai teni); flFrotviMER).^*.-. propylene ] 

polymerized Yprbpylene^aVveVyi ^Iigh.t;ShignJy^resistant^thermoplaatic 
as resinmsed in packaging; ■ coating", pibes and>tubes/e,fc.?04 : ^ r =7 o q 
pp l]V p'tV C h (pal'ip, • tikO . n. [ Gr * paiyp^c/wa.ihavirig: ! many i : folds i < 
j po/yr^ (see 5 p.oly>i^ + ^ p£yxi i a ; f old J . a- Jset of ^four dr. j mofef panels - with 
, : pictures;- camhgs>etc;^ often hinged 

•^altarpjecef>eteio.fH:-^i?Hivi / '\ 'n'^vNi j&kytxtmrhfcfK; ^Tv^Mui'i 

.polly^rnythm^ (pal'i ritft'am) ; ff; I POiiVr?.^.* rhyt^M ^'Musidu^, (the;useiOf 
strongly contrasting ; rhythms in simultaneous jvoice? parts«2isuch a 
rhythm:Vusua«y used in M^pdl1y:rhyth'miC(a<y. v ^ Y,fo <p%m 

,pblM^*bO;8bme^(paU^rI^^m^) ;/I^Wf 8bME>^Vi:^', , . izffr''' 

Ipolly^SftC'Chaffide (palii sakfa rid0ittt4* OL ^ 

ni group ' " of- complex i carbohydrates, asr^ starch/ithat f-idecornpbse^by 
i - :'hydr > olysis.irifay.af large, nuinber^pffmbnbsaccharideiuhits: tTt ^-f ■ 



at, ate, car; s ten, eve'^ is^lcei ^ 

fxi*~'~»li. tfrt^^n^BtFytio^^Q^ia^i.^ g^j[n^agb t l u > ih fbcu8^ -^as^m^Iiatih 

;^thini f £fte; li) 1 ^p«^m'rin^ (rin) 
derived^ from; f f - fro m ^wHlch 
See inside front and back covers 



f f«r;? a r /or : * unstressed' vowels; ; as a^in \ago^ 
(laf'ri) '"i f- chih^ sherzhTas ! iti 'azure ! (az^ifarf 
In etymologies: * = unattested; < 
'A- = iAhiericanisrh!^y •■<:■£■ ; «' 
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CHAPTER XI 

The Solid-Liquid Interface — Adsorption from 

Solution 

This chapter on adsorption from solution is intended only to develop the 
more straightforward and important aspects of adsorption phenomena that 
prevail when a solvent is present. The general subject has a vast literature, 
and it is both necessary and reasonable in a textbook to limit the presenta- 
tion to the more important characteristic features and theory. 

With nonelectrolytes, a logical division is made according to whether the 
adsorbate solution is dilute or concentrated. In the first case treatment is 
very similar to that for gas adsorption, whereas in the second case the role of 
solvent becomes more explicit. The adsorption of electrolytes is treated 
briefly, mainly in terms of the exchange of components in an electrical 
double layer either at the surface of a nonporous particle or in an ion ex- 
changer or zeolite. 

A very important application of adsorption phenomena is that of chro- 
matography, where the adsorbed material is held in a fixed bed or conforma- 
tion, and solution passes down its length; alternatively, the solution may 
travel or spread along a thin film of adsorbent. Some aspects relating to 
adsorption affinities are mentioned in Section XI- IB. 

1. Adsorption of Nonelectrolytes from Dilute Solution 

The adsorption of nonelectrolytes at the solid-solution interface may be 
viewed in terms of two somewhat different physical pictures. The first is that 
the adsorption is essentially confined to a monolayer next to the surface, 
with the implication that succeeding layers are virtually normal bulk solu- 
tion. The picture is similar to that for the chemisorption of gases (see Chap- 
ter XVII) and similarly carries with it the assumption that solute-solid in- 
teractions decay very rapidly with distance. Unlike the chemisorption of 
gases, however, the heat of adsorption from solution is usually fairly small 
and is more comparable with heats of solution than with chemical bond 
energies. 

The second picture is that of an interfacial layer or region, multimolecular 
in depth (perhaps even 100 A deep), over which a more slowly decaying 
interaction potential with the solid is present (note Section X-6C). The situa- 
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tion would then be more like that in the physical adsorption of vapors (see 
Chapter XVI), which become multilayer near the saturation vapor pressure 
(e.g., Fig. X-I6). Adsorption from solution, from this point of view, corre- 
sponds to a partition between a bulk and an interfacial phase; the Polanyi 
potential concept may be used (see Section XI- 1C). 

While both models find some experimental support, the monolayer one 
has been much the more amenable to simple analysis. As a consequence, 
most of the discussion in this chapter is in terms of it, although occasional 
caveats are entered. We consider first the case of adsorption from dilute 
solution, as this corresponds to the usual experimental situation and also 
because the various adsorption models take on a simpler algebraic form and 
are thus easier to develop than those for concentrated solutions. 

A. Adsorption Isotherms 

The moles of solute species adsorbed per gram of adsorbent is given 
experimentally by AC 2 V so) /m, where AC 2 is the change in concentration of 
the solute following adsorption, V so i is the total volume of solution, and m is 
the grams of adsorbent. It will be convenient in the following development to 
suppose that mole numbers and other extensive quantities are on & per gram 
of adsorbent basis, so that /r 2 , the moles of solute adsorbed per gram, is 
given by 

n% = V AC 2 = rt 0 AN 2 (XI-I) 

where n {) is the total moles of solution per gram of adsorbent and A7V 2 is the 
change in mole fraction of solute following adsorption. In dilute solution, 
both forms are equivalent, although, as seen in Section XI-4, this is not the 
case otherwise. See the discussion of definitions and terminology by Everett 
(1,3) and Schay (2); n% has been called the specific reduced surface excess, 
for example. 

The quantity n\ is in general a function of C 2 , the equilibrium solute 
concentration, and temperature for a given system, that is, n s 2 - /(C 2 , T). At 
constant temperature, n 2 - /r(C 2 ), and this is called the adsorption isotherm 
function. The usual experimental approach is to determine this function, that 
is, to measure adsorption as a function of concentration at a given tempera- 
ture. See Ref. 5 for a discussion of experimental methods. 

Various functional forms for / have been proposed either as a result of 
empirical observation or in terms of specific models, and a particularly im- 
portant example of the last is that known as the Langmuir adsorption equa- 
tion (4). By analogy with the derivation for the case of gas adsorption (see 
Section XVI-3), the Langmuir model assumes the surface to consist of ad- 
sorption sites, the area per site being a°; all adsorbed species interact only 
with a site and not with each other, and adsorption is thus limited to a 
monolayer. There are related lattice models, as in Ref. 5. In the case of 
adsorption from solution, however, it seems more plausible to consider an 
alternative phrasing of the model. Adsorption is still limited to a monolayer, 
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but this layer is now regarded as an ideal two-dimensional solution of equal 
size solute and solvent molecules of area cr°. Thus lateral interactions, ab- 
sent in the site picture, cancel out in the ideal solution layer picture because 
of being independent of composition. However, in the first version <j n is a 
property of the solid lattice, while in the second it is a property of the 
adsorbed species; both versions attribute differences in adsorption behavior 
entirely to differences in absorbate-solid interactions. Both present adsorp- 
tion as a competition between solute and solvent. See Ref. 6 for a discussion 
of types of adsorption forces. 

It is perhaps fortunate that both versions lead to the same algebraic for- 
mulations, but we will imply a preference for the two-dimensional solution 
picture by expressing surface concentrations in terms of mole fractions. The 
adsorption process can now be written as 

A (solute in solution, N 2 ) + B (adsorbed solvent, N]) 

= A (adsorbed solute, N' 2 ) + B (solvent in solution, N { ) (Xl-2) 

The equilibrium constant for this process is 

K = ' (Xl-3) 

N\ a 2 

where a\ and a 2 are the solvent and solute activities in solution and, by virtue 
of the model, the activities in the adsorbed layer are given by the respective 
mole fractions N] and N 2 . Since the treatment is restricted to dilute solu- 
tions, a x is constant, and we can write b = K/a { \ also, N) + N 2 = 1 so that 
Eq, XI-3 becomes 

Aft = — (XI-4) 

1 + ba 2 

Since n 2 = N\n s , where n s is the number of moles of adsorption sites per 
gram, Eq. XI-3 can also be written 

n % ^ nSba ^ (Xl-5) 



or 



G = 



ba-> 



1 + ba 2 

where 0 = n 2 ln s is the fraction of surface occupied. Also, 



"* = (X '- 6) 



m 
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where £ denotes the surface area per gram. In sufficiently dilute solution, 
activity coefficient effects will be unimportant, so that in Eq. IX-4, a 2 may be 
replaced by C 2 . 

The equilibrium constant K can be written 

K = e ^ e ^ ,Rr (Xi-7) 

where A// 0 is the net enthalpy of adsorption, often denoted by - Q, where Q 
is the heat of adsorption. Thus the constant b can be written 

b = b'e QIRT (Xl-8) 

The entropies and enthalpies of adsorption may be divided, in a formal way, 
into separate quantities for each component: 

K = -p- AS 0 = AS? - AS? Atf° = A//S - A// ( J (XI-9) 
K] 

It is not necessary to limit the model to that of idealized sites; Everett (7) has 
extended the treatment by incorporating surface activity coefficients as cor- 
rections to N\ and N 2 . A// 0 may be calculated from the temperature depen- 
dence of the adsorption isotherm (8). If the solution is taken to be ideal, 

V d T )>' RT 2 

(note Eq. XVI-116). 

Returning to Eq. XI-4, with C 2 replacing a 2 , at low concentrations n 2 will 
be proportional to C 2 , with a slope n s b. At sufficiently high concentrations, 
n S 2 approaches the limiting value n\ Thus n s is a measure of the capacity of 
the adsorbent and b of the intensity of the adsorption. In terms of the ideal 
model, n s should not depend on temperature, while b should show an expo- 
nential dependence, as given by Eq. Xl-8. The two constants are conve- 
niently evaluated by putting Eq. Xl-5 in the form 

c " 1 ^ Si. (xi-io 



n 2 n x b n s 

That is, a plot of C 2 in% versus C 2 should give a straight line of slope \ln* and 
intercept \ln s b. 

An equation algebraically equivalent to Eq. XI-4 results if instead of site 
absorption the surface region is regarded as an interfacial solution phase, 
much as in the treatment in Section III-7C. The condition is now that v v = 
n\V\ + If a \ and a 2 \ the activities of the two components in the 



XI- 1 ADSORPTION OF NONELECTROLYTES 425 

interfacial phase, are represented by the volume fractions V] and V 2 , the 
result is 

v v = /l>"2 (XI ., 2) 

1 + ba 2 

Here v 2 is the volume of absorbed solute, and v v is the (constant) volume of 
the interfacial solution (9). 

Most surfaces are heterogeneous so that b in Eq. XI-8 will vary with 0. The 
adsorption isotherm may now be written 



<=>(C 2 , T) = 



f(bmc 2 , b, T) db (XI-13) 



where f(b) is the distribution function for b, 9(C 2 , b, T) is the adsorption isotherm 
function (e.g., Eq. Xl-5), and 0(C 2 , T) is the experimentally observed adsorption 
isotherm. In a sense, this approach is an alternative to the use of surface activity 
coefficients. 

The solution to this integral equation is discussed in Section XVI- 15, but one 
particular case is of interest here. If 6(C 2 , b, T) is given by Eq. XI-5 and the variation 
in b and 6 is attributed entirely to a variation in the heat of adsorption Q and f(Q) is 
taken to be 

f(Q) = ae" Q,nttT (XI- 14) 

then the solution to Eq. XI-13 is of the form (10, II) 

O = ?2 = aC\ ln (XI- 15) 

n 

where a = aRTnb' and b' is as defined in Eq. Xl-8. Equation XI- 1 5 is known as the 
Freuncllich adsorption isotherm after its user (12), See Ref. 13 for representative 
values of a and n for aqueous organic solutes adsorbed on activated carbons. 

The Freundlich equation, unlike the Langmuir, does not become linear at low 
concentrations but remains convex to the concentration axis: nor does it show a 
saturation or limiting value. The constants (an s ) and n may be obtained from a plot of 
log n\ versus log C 2 , and roughly speaking, the intercept an* gives a measure of the 
adsorbent capacity and the slope Mn of the intensity of adsorption. As just men- 
tioned, the shape of the isotherm is such that n is a number greater than unity. 

There is no assurance that the derivation of the Freundlich equation is unique; 
consequently, if data fit the equation, it is only likely, but not proven, that the surface 
is heterogeneous — see Problem I for an alternative interpretation! Basically, the 
equation is an empirical one, limited in its usefulness to its ability to fit data. 



Alternative approaches treat the adsorbed layer as an ideal solution or in terms of 
a Polanyi potential model (see Refs. 13a, 13b, and 14 and Section XVI-7). A related 
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approach has been expounded by Myers and Sircar (14a). Adsorption may be af- 
fected by polarization of the adsorbed layer (15). Adsorption rates have been mod- 
eled as diffusion controlled (16, 17). 

B. Qualitative Results of Adsorption Studies — Traube's Rule 

The nonelectrolytes that have been studied are for the most part organic 
compounds; these include fatty acids, aromatic acids, esters, and other sin- 
gle functional group compounds plus a great variety of more complex spe- 
cies such as porphyrins, bile pigments, carotenoids, lipids, and dyestuffs. 
Frequently these more complex substances have been studied only in terms 
of their chromatographic behavior, so that qualitative information concern- 
ing relative adsorbabilities may be known but not actual isotherms. 

Typical adsorbents, especially of the older literature, include alumina, 
silica gel, various forms of carbon (blood charcoal, sugar charcoal, etc., and 
carbon blacks), and various organic compounds such as sugars and starches. 
In the case of hydrous oxides and carbons, not only are the composition 
and state of subdivision important, but also the adsorptive properties are 
strongly dependent on the moisture content and degree of heating or activa- 
tion used. As to solvents, a great deal of work has been done with aqueous 
systems, but since organic absorbates are common, one also finds data for 
solutions in a variety of common organic solvents. 

The behavior of a given system may be predicted very qualitatively in 
terms of the separate adsorption constants of Eqs. XI-9. The rule is that a 
polar (nonpolar) adsorbent will preferentially adsorb the more polar (nonpo- 
lar) component of a nonpolar (polar) solution. Polarity is used here in the 
general sense of ability to engage in hydrogen bonding or dipole-dipole type 
interactions as opposed to nonspecific dispersion interactions. A semiquan- 
titative extension of the foregoing is known as Traube's rule (18), which, as 
given by Freundlich (8), states: "The adsorption of organic substances from 
aqueous solutions increases strongly and regularly as we ascend the homolo- 
gous series." 

Data illustrating Traube's rule are shown in Fig. Xl-la, in which it is seen 
that the initial slopes, and hence b values in Eq. XI-4, increase in the order 
formic acid, acetic acid, propionic acid, and butyric acid. The adsorption in 
this case was on carbon and from aqueous solution. Holmes and McKelvey 
(19) made the logical extension of Freundlich's statement by noting that the 
situation really is a relative one and that a reversal of order should occur if a 
polar adsorbent and a nonpolar solvent were used. Thus as illustrated in Fig. 
XI- \b, the reverse sequence was indeed observed for fatty acids adsorbed 
on silica gel from toluene solution. There is a large current literature; some 
useful citations are Refs. 20-25. 

As discussed in Chapter III, the uniform progression in adsorbabilities in 
proceeding along a homologous series can be understood in terms of a con- 
stant increment in the work of adsorption with each additional CH 2 group. 



XI- 1 ADSORPTION OF NONELECTROLYTES 



427 



A 
i 







7 




1 / 
f / 

J .o7 y 

lay / 




F/Y 




/ 





— c 



(a) 




Fig. XI- 1. Illustration of Traube's rule: (a) adsorption of fatty acids on carbon from 
aqueous solution; (b) adsorption of fatty acids on silica gel from toluene. (From Ref. 
18.) 



The film pressure tt may be calculated from the adsorption isotherm by 
means of Eq. X-ll as modified for the case of adsorption from a dilute 
solution: 



7T = 



RT 



o 



n\d\n C 2 (XI- 16) 



If the Langmuir equation is obeyed, then combination of Eqs. XI-5, Xl-6, 
and Xl-16 gives 

7T = + bC) (XI- 1 7) 

Mr 0 

so that equal values of bC 2 correspond to equal values of tt. Eq. XI-17 is 
known as the Szyszkowski equation (26). The sequence shown in Fig. XI- la 
may thus be interpreted as meaning that as the homologous series is as- 
cended, successively lower concentrations suffice to give the same film pres- 
sure. This last statement is now entirely parallel to the usual form of 
Traube's rule as applied to the surface tension of solutions (Section III-7E). 
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Fig. XI-2. Adsorption of fatty acids on Spheron 6: +, acetic; A, propionic; 0, n- 
butyric; x , rt-valeric; •, n-caproic; □, n-heptylic. (From Ref. 28.) 



Interestingly, it may also be calculated from the variation of zeta potential 
with amount adsorbed (see Ref. 27). 



Another observation is that there is generally an inverse relationship between the 
extent of adsorption of a species and its solubility in the solvent used, that is, the less 
soluble the material, the more strongly will it tend to be adsorbed. For example, 
Hansen and Craig (28) found that the adsorption isotherms of members of a homolo- 
gous series of fatty acids or alcohols were superimposable on each other if plotted as 
grams adsorbed per gram of adsorbent versus the reduced concentration C2/C2. 
Here, C|> denotes the solubility of the adsorbate in the solvent. The adsorbents used 
were Graphon and Spheron, the former being a rather uniform surface carbon ob- 
tained by partial graphitization of carbon black, and the solvent was water. A similar 
superimposability is observed in the adsorption of vapors (see Section XVI-9). One 
of Hansen and Craig's plots is shown in Fig. XI-2; the deviations of the lower 
members at high CJCi values stem from the fact that their solubilities were rather 
high so that a secondary effect, discussed in Section Xl-4, was present. 

The correlating role of C® provides emphasis to the view of adsorption as a 
partition between the solution and interfacial phases; K\ and Ki in Eq. XI-9 can be 
regarded as the separate partition coefficients. Thus, a good solvent affects A Si and 
AH 2 so as to reduce Ki, and qualitatively, A2C2 tends to be a constant. The effect of 
increasing temperature, which is usually to decrease the adsorption, that is, to de- 
crease b or K in Eq. XI-9, can be understood either in terms of adsorption normally 
being exoergic or in terms of the preceding, as reflecting an increase in C2. For 
example, Barteli (28a) found that although the adsorption of n-butyl alcohol on char- 
coal from dilute solutions increased with temperature, the reverse dependence devel- 
oped with more concentrated solutions. This reversal was attributed to the decreas- 
ing solubility of butyl alcohol in water with increasing temperature. 
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There is an effect on K of high pressure (several thousand atmosphere 
range). In the case of Ru(2,2'-bipyridine)3 + adsorbing on Ti0 2 (anatase) from 
acetonitrile solution, the pressure effect corresponded to a partial molal 
volume change on adsorption of about 7 cm 3 /mol (29). 

The preceding discussion helps to underline the point that adsorption 
from solution is a relatively complex phenomenon; it depends on the nature 
of solute-solvent interactions in the solution phase and in the interfacial 
region as well as on their interactions with the absorbent. It therefore can be 
appreciated that it is difficult to be very much more specific on constitutive 
effects than in the discussion of Traube's rule. However, generally speaking, 
the adsorption constant K can be expected to be large if there is a specific 
opportunity for adsorbent-adsorbate hydrogen bonding. Kipling (30) cites 
as examples the relative affinities of silica gel for a series of nitro and nitroso 
derivatives of diphenylamine and N-ethylaniline (31) and the much stronger 
adsorption of phenol on charcoal than of the diorthotertiarybutyl derivative 
(32). It should be noted that many charcoals have partially oxidized sur- 
faces. Thus Spheron 6, which has surface oxygens (33), adsorbs alcohol 
preferentially over benzene, but after heating at 2700°C (to give Graphon), it 
prefers benzene (34). Aromatic ring compounds tend to adsorb preferentially 
to aliphatic ones, for example, on carbon, presumably because of it electron 
interactions or, alternatively, because of the higher polarizability of such 
rings. Bulky substituents reduce this preference, perhaps because of their 
preventing a close approach of the ring to the adsorbent surface (32). High- 
molecular- weight materials such as sugars, dyes, and polymers tend to be 
more strongly adsorbed than low-molecular-weight species. In chromatog- 
raphy the order of elution is normally inverse as the K value for adsorption 
so that even the qualitative literature provides a host of comparisons. 

Purely geometric effects apparently can be important in that Linde 
molecular sieve 5k adsorbs hexane preferentially to benzene presumably 
because only the former can pass into the pores; the large pore size 10- and 

o 

13-A sieves show much stronger adsorption of benzene (35). Quite apart 
from such specific effects, it has been speculated that the fundamental mech- 
anism of adsorption in a porous solid may be more akin to capillary conden- 
sation (see Section XVI- 16B) than to surface adsorption. Hansen and Han- 
sen (36) have supported this point of view; the picture would be one of 
relatively thick pockets of adsorbed phase held by virtue of a low solution- 
adsorbed phase-solid contact angle and a finite adsorbed phase-solution 
interfacial tension. This is a definite possibility in the case of systems near a 
solubility limit (see Section XMC), but as a general explanation this mecha- 
nism has been argued against fairly effectively (9, 37). 

Finally, the adsorbent-adsorbate interaction may be so specific that the 
adsorption may properly be called chemisorption; the isotherm will tend to 
be of the simple Langmuir type, with a very large K value, and adsorption 
may be slow. The adsorption of fatty acids on metals is often of this type, 
probably due to salt formation with the oxide coating of the metal. Thus 
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Hackerman and co-workers (38) found that fatty acids, nitriles, and so forth, 
showed a partially irreversible adsorption on iron and steel powder, obeying 
the Langmuir isotherm, while Smith and Allen (39) noted that the adsorption 
of rc-nonadecanoic acid on copper, nickel, iron, and aluminum was quite 
dependent on whether the surface used had been exposed by machining in 
air or under solvent, away from oxygen. Whitesides and co-workers (40) 
used a variety of physical and spectroscopic methods to determine that 
highly organized structures were present in films of organosulfur compounds 
adsorbed onto gold surfaces. Similar studies have been made by Allara and 
co-workers (41). 

C. Multilayer Adsorption 

Equation XI-5, the Langmuir equation, applies to a large number of adsorption 
systems where dilute solutions are involved, but some interesting cases of sigmoid 
isotherms have been reported. Hansen et al. (42) found that for a number of higher 
acids and alcohols (four or more carbon atoms) adsorbed on various carbons from 
aqueous solution, the isotherms showed no saturation effect but rather the general 
shape characteristic of multilayer adsorption (see Section XVI-5). The final, marked 
increase in adsorption took place, significantly, as the saturation concentration was 
approached. 

It is appealing to accept the parallel to low-temperature gas adsorption where, 
after a semiplateau region in the isotherm plot, one finds rapidly increasing adsorp- 
tion occurring as the saturation pressure P {) is approached. With such gas adsorption 
isotherms, the rational variable is the reduced pressure PIP®, in the case of solution 
adsorption, it was noted in the preceding section that C/C° is the correlating variable. 
Some of the data reported by Hansen et al. are shown in Fig. XI-2. There seems to be 
no doubt that some form of multilayer adsorption was occurring; otherwise, impossi- 
bly small areas per molecule would be implied. 

In solution adsorption, two potentially adsorbing components must be present, 
unlike the case with gas adsorption, and there is really no good reason to suppose 
that multilayer adsorption of a solute occurs with complete exclusion of solvent. In 
other words, the situation might more profitably be regarded as one of a phase 
separation induced by the interactions with the solid surface or as a capillary effect. 
As a potential example of the first case, Kiselev and co-workers (43) found a sigmoid 
isotherm for the adsorption of methanol in heptane by silica gel that rose to very high 
values as CilC® approached unity. On the other hand, Bartell and Donahue (44) 
reported isotherms for the adsorption of water by silica gel from solutions in hexyl 
alcohol in which the rapid terminal increase in adsorption took place at C2/C2 values 
around 0.8. Such behavior is characteristic of capillary condensation in the case of 
gas adsorption, and it is possible here that a capillary-induced phase separation 
occurred. Since water is preferentially adsorbed, there would be a tendency, with 
increasing concentration, for a water-rich layer to deepen and to go over to meniscus 
formation in a pore if the capillary pressure from the resulting curvature provided a 
positive driving force. This would be the case if the effect of the pressure were to 
make the local value of C§ smaller. 

A perhaps simpler type of multilayer formation is that in which physical adsorp- 
tion of a species occurs on top of its own chemisorbed layer. The observed isotherm 
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may then be a sum of two Langmuir isotherms, but if the chemisorption is complete 
at a low concentration, the effect is that of an isotherm that is ordinary in appearance 
except that it originates from a point a way up on the adsorption axis of the isotherm 
plot. Behavior of this type was observed in the adsorption of caproic and stearic 
acids on steel (45). While this interpretation is plausible in the case cited, the same 
behavior could in principle result from the presence of two kinds of surface, one 
much more strongly adsorbing than the other. 

\ 

2. Adsorption of Polymers 

The study of adsorption of polymers is so interwoven with the general field of 
polymer chemistry, and hence so relatively specialized, that only a brief summary 
presentation is attempted here. First, the requirement that the polymer be soluble 
limits solution adsorption studies mainly to linear macromolecules. These include 
synthetic rubber polymers, cellulose-type polymers, and methacrylate, vinyl, sty- 
rene, and so on, polymers, mostly in fairly polar organic solvents and mostly with 
carbon as the adsorbent (perhaps because of the bias of the rubber industry). See 
Refs. 30 and 47 to 49 for reviews. A second point is that polymers as prepared are 
generally polydisperse, and their adsorption is more that of a multicomponent system 
in which fractionation effects can be important. The more recent work has stressed 
the use of at least relatively narrow molecular weight fractions. Third, as was true at 
the water-air interface (Section IV- 1 1), a large number of configurations at the solid- 
solution interface are possible, and probably for this reason adsorption equilibrium 
can be exceedingly slow in attainment; adsorption that appears to have leveled off 
after an hour or two may actually be subject to continued drift upward for days or 
months (note Ref. 48). Heller (50) gives the equation 

= * + *'/ (XI-18) 



xlm 



where xim is grams adsorbed per gram of adsorbent and / is time. Fourth, it takes 
several parameters to describe the state of a polymer at an interface. These include 
the number of points of attachment, the horizontal spread as given by the average 
radius (r 2 )" 2 , and the thickness Ar, as illustrated in Fig. XI-3. There are, in fact, more 
parameters than realistically can be extracted from adsorption data, and this has 
made it difficult to confirm or deny the various proposed models. 

A very simple model is that derived from the mass action approach in which Eq. 
XI-2 is modified by writing that v molecules of solvent are displaced per polymer 
molecule. This introduces (N\) v so that we have (51) 

6 = bC 2 (XI- 19) 



v(l - ey 



Next, it is possible to introduce various assumptions concerning the adsorption 
statistics, for example, that there is a Gaussian distribution of end-to-end distances. 
An approach of this type led to the equation (52) 

5 = (KC) Uv (XI-20) 

(I - 8)<r* :0 
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Fig. XI-3. Hypothetical conformation of an adsorbed chain molecule. (From Ref. 
47.) 



A number of more detailed approaches have been made. Treatments based on a 
lattice model include those of Silberberg (53), Hoeve (54), Roe (55), and Sheutjens 
and Fleer (56). Random-walk approaches include those of Simha (57) and Rubin and 
Dimarzio (58). Statistical approaches are those of Everett and co-workers (59), 
Frisch (60), and de Gennes (61), Gast (61a) proposes various scaling relationships. In 
view of the sophistication of the various treatments, it is almost embarrassing that 
most polymer adsorption data fit the simple Langmuir Equation, Eq. XI-5, as well as 
any other, within experimental error (see Refs. 50, 62). 

Representative adsorption isotherms are shown in Fig. Xl-4. The situation is 
sufficiently complex in the case of polymers that an analysis of why the mass action 
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Fig. Xl-4. Adsorption of polystyrene from benzene onto pyrex glass at 30°C. Curve 
1: polymer molecular weight 950,000; curve 2: polymer molecular weight 110,000. 
(From Ref. 63.) 
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Fig. XI-5. Root-mean-square thickness in the plateau region of polystyrene adsorbed 
on chrome ferrotype plate plotted against the square root of the molecular weight. 
The solvent is cyclohexane. (From Ref. 46.) 

expectation, Eq. XI- 19, should apparently fail has not been easy. One expectation 
that is met, however, is that illustrated in Fig, XI-5. The root-mean- square limiting 
thickness of adsorbed polymer films does tend to increase with the square root of the 
polymer length, indicating that long segments of polymer do extend into the solution 
and are coiled much like dissolved polymer is (see also Ref, 62a). 

Another deviant aspect of polymer adsorption is that adsorption may increase 
with increasing temperature; the adsorption must then be entropy rather than energy 
favored. Since the polymer must surely lose entropy on adsorption, the effect must 
come from a gain in solvent entropy. Yet this gain apparently is not so simply 
explained as in terms of release of adsorbed solvent to the solution, in view of the 
failure of Eq. XI- 19. The interfacial phase point of view is probably more realistic; 
adsorbed polymer films can be quite thick, as illustrated in Fig. XI-5. Film thick- 
nesses, Ar in Fig. XI-5, are often measured hydrodynamically, in terms of the in- 
crease in the apparent adsorbent particle radius as given by viscosity-concentration 
measurements. Alternatively, the change in effective pore diameter in capillary flow, 
following adsorption, may be measured. Ellipsometry has also been used (64, 65). 

A complication is that polymer adsorption may be irreversible. This as- 
pect is discussed below. 

Much attention has been paid to biological polymers such as proteins. See 
Refs. 66 and 67. Baier (68) has discussed the adsorption of microorganisms. 
Adsorption of polymer mixtures has been studied, as in Ref. 69. 

3. Irreversible Adsorption 

There are numerous references in the literature to irreversibility of adsorption 
from solution, although the phenomenon has not very often been studied explicitly. 
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C, M 

Fig. XI-6. Adsorption of BaDNNS on Ti0 2 at 23°C from n-heptane solution. □, x , 
A, □ , O, •: Adsorption points for the indicated times of equilibration. ■, •: Desorp- 
tion points following 12-hr and 20-min equilibrations, respectively. Matching adsorp- 
tion and desorption points are correspondingly numbered. Reprinted with permission 
from M. E. Zawadski, Y. Harel, and A. W. Adamson, Langmuir, 3, 363 (1987). (Ref. 
81.) Copyright 1987, American Chemical Society. 



In the typical experiment, solid adsorbent is equilibrated with solution, and the 
amount adsorbed is calculated from the drop in the solution concentration of the 
adsorbate. The behavior that defines irreversible adsorption as the term is used here 
is that if the supernatant solution is removed and the adsorbent equilibrated with the 
pure solvent, then little or no desorption occurs. Typically, there is no evidence of 
strong adsorbent-adsorbate bond formation, either in terms of the chemistry of the 
system or from direct calorimetric measurements of the heat of adsorption. It is also 
typical that if a better solvent is used, or a strongly competitive adsorbate, then 
desorption is rapid and complete. 

Irreversible adsorption has most often been reported in the case of polymer ad- 
sorption (70). Stuart and co-workers suggested that the effect is essentially artifac- 
tual, being due to polymer polydispersity (71); it is still observed, however, with 
monodisperse natural and synthetic polymers (72-74). Irreversible adsorption has 
also been reported for surfactant adsorption on clays and on sandstone (75-78) as 
well as on metal surfaces (79). Figure XI-6 shows results for the surfactant barium 
dinonylnaphthalene sulfonate (important as an oil additive) adsorbing on Ti0 2 (ana- 
tase) and illustrates time effects. Adsorption was irreversible for aged systems, but 
much less so for ones for which the age of the adsorbed material was small. The 
adsorption of aqueous methylene blue (note Section XI-4) on Ti0 2 (anatase) was also 
irreversible (80). 

Adsorption irreversibility or hysteresis is thus not confined to a single type of 
adsorbent-adsorbate system, and there may be more than one kind of explanation. It 
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does seem necessary to postulate at least a two-stage sequence, such as 



A (solution) ^ A] (surface) 



(XI-21) 



xA] -> A'l 



(XI-22) 



where A denotes adsorbate, A] is the primarily adsorbed state, which may be in rapid 
equilibrium with the solution, and A s x denotes some kind of polymeric or condensed- 
phase state (81-84). There remains, however, a fundamental paradox (see Problem 



The estimation of surface area from solution adsorption studies is subject to many 
of the same considerations as in the case of gas adsorption, but with the added 
complication that larger molecules are involved, whose surface orientation and pore 
penetrability may be uncertain. A first condition is that a definite adsorption model be 
obeyed, which in practice means that area determinations are limited to cases in 
which the simple Langmuir equation, Eq. XI-5, holds. The constant n s is found, for 
example, from a plot of the data according to Eq. XI- 1 1 , and the specific surface area 
2 then follows from Eq. XI-6. The problem is to pick the correct value of ct°. 

In the case of gas adsorption where the BET method is used (Section XVI-5) it is 
reasonable to use the van der Waals area of the adsorbate molecule; moreover, being 
small or even monatomic, surface orientation is not a major problem. In the case of 
adsorption from solution, however, the adsorption may be chemi sorption, with <j° 
determined by the spacing of adsorbent sites, or physical adsorption, with a 0 more 
determined by the area of the adsorbate molecule in its particular orientation. 

Fatty acid adsorption has been used for surface area estimation because of evi- 
dence that in many cases the orientation is perpendicular to the surface and with 
about the close-packed area per molecule of 20.5 A . This seems to be true for 
adsorption on such diverse solids as carbon black and not too electropositive metals, 
and for Ti02- In all of these cases, the adsorption is probably chemisorption in type, 
involving hydrogen bonding or actual salt formation with surface hydroxyls. Fairly 
polar solvents are used to avoid multilayer formation on top of the first layer, but 
even so, the apparent area obtained may vary with the solvent used. In the case of 
stearic acid on a graphitized carbon surface, Graphon, the adsorption, while still 
obeying the Langmuir equation, appears to be physical, with the molecules lying 
flat on the surface. In brief, the method musf be applied with caution and with con- 
firmatory evidence. 

A second class of adsorbates of which much use has been made is that of dye- 
stuffs; the method is appealing because of the ease with which analysis may be made 
colorimetrically. The adsorption generally follows the Langmuir equation but can be 
multilayer. Graham found an apparent molecular area of 197 A 2 for methylene blue 
on Graphon (85) or larger than the actual molecular area of 175 A 2 , but the apparent 
value for the more oxidized surface of Spheron was about 105 A 2 per molecule (86). 
Some of the problems that may arise, such as due to dye association in solution, are 
discussed by Padday (87) and Barton (88). 
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Rahman and Ghosh (89) have used pyridine adsorption on various oxides to 
obtain surface areas. Adsorption followed the Langmuir equation; the effective 
molecular area of pyridine is about 24 A 2 per molecule. 

Two quite different approaches are the following. Everett (90) has proposed a 
method using binary liquid systems (see the next section); the approach has been 
discussed more recently by Schay and Nagy (91). Surface areas may be estimated 
from the exclusion of like charged ions from a charged interface (92). The method, 
discussed further in Section XI-6, is intriguing in that no estimation of either site or 
molecular area is called for. 

Another kind of problem is that powdered adsorbents are likely to be fractal in 
nature (see Section VII-4C), so that the apparent surface area depends on the size of 
adsorbate molecule used (see Ref. 93). 

5. Adsorption in Binary Liquid Systems 

A, Adsorption at the Solid-Solution Interface 

The discussion so far has been confined to systems in which the solute 
species are dilute, so that adsorption was not accompanied by any significant 
change in the activity of the solvent. In the case of adsorption from binary 
liquid mixtures, where the complete range of concentration, from pure liquid 
A to pure liquid B, is available, a more elaborate analysis is needed. The 
terms solute and solvent are no longer meaningful, but it is nonetheless 
convenient to cast the equations around one of the components, arbitrarily 
designated here as component 2. 

Adsorption is still defined by Eq. XI-1 but only in the form 

n s 2 (apparent) = n 0 AM (XI-23) 

since in concentrated solutions, concentration units become awkward to use 
because density is now also a function of composition; the superscript / will 
be used where helpful to make it clear that the quantity is for the solution 
phase. Furthermore, the adsorption defined by Eq. XI-23 is now an apparent 
adsorption, that is, is no longer the actual moles of the component adsorbed. 
However, it does turn out that the apparent adsorption is simply related to a 
surface excess quantity, as shown in the following demonstration. 

We suppose that the Gibbs dividing surface (see Section III-5) is located 
at the surface of the solid (with the implication that the solid itself is not 
soluble). It follows that the surface excess T s 2 , according to this definition, is 
given by (see Problem 7) 

H - ^ (Aft - N l 2 ) (XI-24) 

Here, n x denotes the total number of moles associated with the adsorbed 
layer, and N* and N\ are the respective mole fractions in that layer and in 



XI-5 ADSORPTION IN BINARY LIQUID SYSTEMS 



437 



solution at equilibrium. As before, it is assumed, for convenience, that mole 
numbers refer to that amount of system associated with one gram of adsor- 
bent. Equation XI-24 may be written 

r\ = £ (4 _ 4) (Xl-25) 

where n% and n l 2 are the moles of component 2 in the adsorbed layer and in 
solution. Since n\ + = n*i, the total number of moles of component 2 
present, and n s + n l = /i 0 , the total number of moles in the system, substitu- 
tion into Eq. Xl-25 yields 

n = ^ - M) = (XI-26) 

2ml 2m 

where N% is the mole fraction of component 2 before adsorption. 

Another form of Eq. Xl-26 may be obtained (from Eq. IX-23 and remem- 
bering that N\ + M = 1 and n s - n\ + nty 



It is important to note that the experimentally defined or apparent adsorp- 
tion no AM/S, while it gives P*, does not give the amount of component 2 in 
the adsorbed layer n%. Only in dilute solution where M — > 0 and Af' - 1 is this 
true. The adsorption isotherm, P 2 plotted against N 2 , is thus a composite 
isotherm or, as it is sometimes called, the isotherm of composition change. 

Equation XI-27 shows that P 2 can be viewed as related to the difference 
between the individual adsorption isotherms of components I and 2. Figure 
XI-7 (94) shows the composite isotherms resulting from various combina- 
tions of individual ones. Note in particular Fig. Xl-la, which shows that 
even in the absence of adsorption of component I , that of component 2 must 
go through a maximum (due to the N[ factor in Eq. XI-27), and that in all 
other cases the apparent adsorption of component 2 will be negative in 
concentrated solution. 

Everett and co-workers (95) describe an improved experimental proce- 
dure for obtaining H quantities. Some of their data are shown in Fig. Xl-8. 
Note the negative region for n\ at the lower temperatures. More recent but 
similar data were obtained by Phillips and Wightman (96). 

An elegant and very interesting approach was that of Kipling and Tester 
(97), who determined the separate adsorption isotherms for the vapors of 
benzene and of ethanol on charcoal, that is, the adsorbent was equilibrated 
with the vapor in equilibrium with a given solution, and from the gain in 
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Fig. XI-7. Composite adsorption isotherms; — 
isotherms of composition change. (From Ref. 94.) 



individual isotherms; 



weight of the adsorbent and the change in solution composition, following 
adsorption, the amounts of each component in the adsorbed film could be 
calculated. These individual component isotherms could then be inserted in 
Eq. XI-27 to give a calculated apparent solution adsorption isotherm, which 
in fact agreed well with the one determined directly. Their data are illus- 
trated in Fig. XI-9. They also determined the separate adsorption isotherms 
for benzene and charcoal and ethanol and charcoal ; these obeyed Langmuir 
equations for gas adsorption, 



e, = 



I + b X P X 



8, = 



b 2 P 2 



1 + b-jP-7 



(Xl-28) 



from which the constants b\ and b 2 were thus separately evaluated. The 
composite vapor adsorption isotherms of Fig. XI-9« were then calculated 
using these constants and the added assumption that in this case no bare 
surface was present. The Langmuir equation for the competitive adsorption 
of two gas phase components is (see Section XVI-3) 



b 2 p 2 



1 + b\P\ + b 2 P 2 



(XI-29) 



\ 0 0.2 0.4 0.6 0.8 1 

Fig. XI-8. Isotherm of composition change or surface excess isotherm for the ad- 
sorption of (1) benzene and (2) w-heptane on Graphon. (From Ref. 95.) 
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Fig. XI-9. Relation of adsorption from binary liquid mixtures to the separate vapor 
pressure adsorption isotherms system: ethanol-benzene-charcoal: (a) separate 
mixed vapor isotherms; (b) calculated and observed adsorption from liquid mixtures. 
(From Ref. 97.) 
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and the effect of their assumptions was to put Eq. Xl-29 in the form 

e 2 - M - u ( , , (xi-30) 

b x P\ + b 2 P 2 b x P*\N\ + b 2 P { \N ( 2 

and to identify b 2 and b x with the separately determined values from Eqs. 
XI-28. Again, good agreement was found, as shown by the dashed lines in 
Fig. Xl-9a. Similar comparisons have been made by Myers and Sircar (98). 

The Langmuir model as developed in Section XI- 1 may be applied di- 
rectly to Eq. Xl-24 (7). We replace a { and a 2 in Eq. XI-3 by N { and N 2 
(omitting the superscript / as no longer necessary for clarity), and solve for 
N 2 (with N\ replaced by 1 - N 2 ): 

* = N > i + «- im (X, " 3,) 

This is now substituted into Eq. Xl-22, giving 

- " T 1 + (K - \)N 2 (X1 " 32) 

Or, using the apparent adsorption, n {) AN 2 , Eq. XI-30 may be put in the 
linear form 

N ^ 1 + ±N 2 (Xl-33) 



n 0 AN 2 n s (K - 1) n s 

which bears a close resemblance to that for the simple Langmuir equation, 
Eq. XI-4. Note that for K = 1 , Tj = 0, that is, no fractionation occurs at the 
interface. Everett (7) found Eq. XI-33 to be obeyed by several systems, for 
example, that of benzene and cyclohexane on Spheron 6. 

In general, one should allow for nonideality in the adsorbed phase (as well 
as in solution), and various authors have developed this topic (7, 92, 99, 100- 
102). Also, the adsorbent surface may be heterogeneous, and Sircar (103) 
has pointed out that a given set of data may equally well be represented by 
nonideality of the adsorbed layer on a uniform surface or by an ideal 
adsorbed layer on a heterogeneous surface. 

Isotherms of type a in Fig. XI-7 are relatively linear for large N 2 , that is, 

n 0 AM = a - bN 2 (Xl-34) 
Now, Eq. XI-27 can be written in the form 



w 0 AM = n s 2 - n s N' 2 



(XI-35) 
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(since n s = ri\ + n s 2 and N\ + N 2 - 1). Comparing Eqs. Xl-34 and XI-35, the 
slope b gives the monolayer capacity n s . The surface area 2 follows if the 
molecular area can be estimated. The treatment assumes that in the linear 
region the surface is mostly occupied by species 2 so that n s 2 is nearly con- 
stant. See Refs. 104 and 105. 

There is a number of very pleasing and instructive relationships between adsorp- 
tion from a binary solution at the solid-solution interface and that at the solution- 
vapor and the solid-vapor interfaces. The subject is sufficiently specialized, how- 
ever, that the reader is referred to the general references and, in particular, to Ref. 
31. Finally, some studies on the effect of high pressure (up to several thousand 
atmospheres) on binary adsorption isotherms has been reported (106). Quite appre- 
ciable effects were found, indicating that significant partial molal volume changes 
may occur on adsorption. 

B. Heat of Adsorption at the Solid-Solution Interface 

Rather little has been done on heats of wetting of a solid by a solution, but two 
examples suggest a fairly ideal type of behavior. Young et al. (100) studied the 
Graphon-aqueous butanol system, for which monolayer adsorption of butanol was 
completed at a fairly low concentration. From direct adsorption studies, they deter- 
mined 0£, the fraction of surface covered by butanol, as a function of concentration. 
They then prorated the heat of immersion of Graphon in butanol, 1 13 ergs/cm 2 , and of 
Graphon in water, 32 ergs/cm 2 , according to 6*,. That is, each component in the 
adsorbed film was considered to interact with its portion of the surface independently 
of the other, 

<7imm = Afafi + Afrfc (XI-36) 

where q mm is the heat of immersion in the solution and q x and qi are the heats of 
immersion in the respective pure liquid components. To this prorated q imm was added 
the heat effect due to concentrating butanol from its aqueous solution to the composi- 
tion of the interfacial solution using bulk heat of solution data. They found that their 
heats of immersion calculated in this way agreed very well with the experimental 
values. 

As a quite different and more fundamental approach, the isotherms of Fig. XI-8 
allowed a calculation of K as a function of temperature. The plot of In K versus XfT 
gave an enthalpy quantity which should be just the difference between the heats of 
immersion of the Graphon in benzene and in n-heptane, or 2.6 x 10" 3 cal/m 2 (95). ' 
The experimental heat of immersion difference is 2.4 x 10" 3 cal/m 2 , or probably 
indistinguishable. The relationship between calorimetric and isosteric heats of ad- 
sorption has been examined further by Myers and Sircar (107). 



6. Adsorption of Electrolytes 

The interaction of an electrolyte with an adsorbent may take one of sev- 
eral forms. Several of these are discussed, albeit briefly, in what follows 
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The electrolyte may be adsorbed in toto, in which case the situation is 
similar to that for molecular adsorption. It is more often true, however, that 
ions of one sign are held more strongly, with those of the opposite sign 
forming a diffuse or secondary layer. The surface may be polar, with a 
potential i|>, so that primary adsorption can be treated in terms of the Stern 
model (Section V-4), or the adsorption of interest may involve exchange of 
ions in the diffuse layer. 

In the case of ion exchangers, the primary ions are chemically bonded 
into the framework of the polymer, and the exchange is between ions in the 
secondary layer. A few illustrations of these various types of processes 
follow. 

A . Stern Layer Adsorption 

Adsorption at a charged surface where both electrostatic and specific 
chemical forces are involved has been discussed to some extent in connec- 
tion with various other topics. These examples are drawn together here for a 
brief review along with some more specific additional material. The Stern 
equation, Eq. V-25, may be put in a form more analogous to the Langmuir 
equation, Eq. XI-5: 

_JL_ = c 2 exp "t+jfc (Xl-37) 

The effect is to write the adsorption free energy or, approximately, the 
energy of adsorption Q as a sum of electrostatic and chemical contributions. 
A review is provided by Ref. 107a. 

Stern layer adsorption was involved in the discussion of the effect of ions 
on I potentials (Section V-8), electrocapillary behavior (Section V-9), and 
electrode potentials (Section V-10) and enters into the effect of electrolytes 
on charged monolayers (Section IV-13). More specifically, this type of be- 
havior occurs in the adsorption of electrolytes by ionic crystals. A large 
amount of work of this type has been done, partly because of the importance 
of such effects on the purity of precipitates of analytical interest and partly 
because of the role of such adsorption in coagulation and other colloid 
chemical processes. Early studies include those by Weiser (108), by Paneth, 
Hahn, and Fajans (109), and by Kolthoff and co-workers (1 10). 

It is possible for neutral species to be adsorbed even where specific chem- 
ical interaction is not important owing to a consequence of an electrical 
double layer. As discussed in connection with Fig. V-4, the osmotic pressure 
of solvent is reduced in the region between two charged plates. There is, 
therefore, an equilibrium with bulk solution that can be shifted by changing 
the external ionic strength. As a typical example of such an effect, the 
interlayer spacing of montmorillonite (a sheet or layer type alumino-silicate 
see Fig. XI- 10) is very dependent on the external ionic strength. A spacing of 
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Fig. XI-10. End-on view of the layer structures of clays, pyrophillite, and mica. 
(From Ref. 112.) 



about 19 A in dilute electrolyte reduces to about 15 A in 1-2 M 1 : 1 electro- 
lyte (111). Phenomenologically, a strong water adsorption is repressed by 
added electrolyte. 

If specific chemical interactions are not dominant, the adsorption of an 
ionic species is largely determined by its charge. This is the basis for an early 
conclusion by Bancroft (113) that the order of increasing adsorption of ions 
by sols is that of increasing charge. Within a given charge type, the sequence 
may be that of increasing hydration enthalpy (114); thus: Cs''* > Rb^ > 
NH 4 + , K + > Ag + > Na + > Li + . The extent of adsorption in turn deter- 
mines the power of such ions to coagulate sols and accounts for the related 
statement that the coagulating ability of an ion will be greater the higher its 
charge. This rule, the Schulze-Hardy rule, is discussed in Section V1-5B. 

Very often both chemical and electrical interactions are important. For 
example, Connor and Ottewill concluded that the adsorption of long-chain 
quaternary ammonium ions on latex particles was at first largely electro- 
static (115). The surface initially is negatively charged, owing to surface 
carboxyl groups. At the knee of the isotherm shown in Fig. XI- 1 1 , this 
surface charge has been neutralized (the direction of electrophoretic motion 
of the particles reverses), and the further adsorption is due to attraction of 
the alkyl chains to the surface. At the highest concentrations some associa- 
tion may be occurring. Fuerstenau and co-workers have in fact proposed 
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Molar cone 

Fig, XI- 1 1 - Adsorption isotherms on particles of Latex-G at pH 8 in I0~ 3 M KBr 
solution: O, hexadecyltrimethylammonium ion; A, dodecyltrimethylammonium ion; 
□, decyltrimethylammonium ion; O, octyltrimethylammonium ion. Arrows mark the 
cmc values; the vertical dashed line marks the reversal of charge for the hexadecyl- 
trimethylammonium ion case. (From Ref. 115). 

that in systems of this kind (a specific one for them being that of sodium 
dodecylbenzene sulfonate on alumina) a surface aggregation occurs to give 
hemimicelles (116). The allusion is to the micelles that colloidal electrolytes 
form in solution above a certain concentration — the critical micelle concen- 
tration (cmc) (see Section Xlll-5). While it is reasonable to suppose that 
surface association can occur, it is questionable whether the structure could 
be like that of solution micelles. 

The effect of adsorption on the charge of the adsorbent particles may be 
determined from electrophoretic measurements and then expressed as 
changes in £ potential. An example is provided by Fig. XI-12, showing that 
adsorption of cations by quartz eventually reduces the £ to zero. If, much in 
the manner of Traube's rule studies (Section X1-1B), the concentration re- 
quired to give zero £ potential is regarded as determined primarily by cf> in 
Eq. XI-37, then the observation that log Ci showed a linear dependence of 
chain length can be accounted for. Moreover, the slope (d In Cydrt) t =o, 
where n is the chain length, gave an energy increment of about 600 cal/CH 2 
group, or about the same as at the water-air interface (see Section LII-7E). 
Fuerstenau interprets this as evidence for surface association or "herni- 
micelle 11 formation. See Ref. 117a for illustration of chain length effects in 
the case of alkylbenzene sulfonates adsorbed on mineral oxides. 

Surface charge may be controlled or fixed by a potential-determining ion. 
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Fig. XI- 1 2. Effect of hydrocarbon chain length on the £ potential of quartz in solu- 
tions of alkylammonium acetates and in solutions of ammonium acetate. (From Ref. 
117.) 

Table XI- 1 (from Ref. 118) lists the potential-determining ion and its concen- 
tration giving zero charge on the mineral. There is a large family of minerals 
for which hydrogen (or hydroxide) ion is potential determining — oxides, 
silicates, phosphates, carbonates, and so on. For these, adsorption of sur- 
factant ions is highly pH dependent. An example is shown in Fig. XI-I3. This 
type of behavior has important applications in flotation and is discussed 
further in Section XIII-4C. 

Electrolyte adsorption on metals is important in electrochemistry. One 
study reports the adsorption of various anions on Ag, Au, Rh, and Ni elec- 
trodes using ellipsometry. Adsorbed film thicknesses now also depend on 
applied potential (see Refs. 1 19, 120). 



TABLE XI- 1 

Potential-determining Ion and Point of Zero Charge" 





Potential- 


Point of Zero 


Material 


determining Ion 


Charge 


Fluorapatite, Ca 5 (P0 4 ) 3 (F, OH) 


H + 


pH 6 


Hydroxyapatite, Ca 5 (P0 4 ) 3 (OH) 


f-T 


pH 7 


Alumina, A1 2 0 3 


H + 


pH 9 


Calcite, CaC0 3 


H + 


pH 9.5 


Fluorite, CaF 2 


Ca 2 + 


pCa 3 


Barite (synthetic), BaS0 4 


Ba 2 + 


pBa 6.7 


Silver iodide 


Ag + 


pAg 5.6 


Silver chloride 


Ag + 


pAg 4 


Silver sulfide 


Ag + 


pAg 10.2 



" From Ref. 118. 
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Fig. XI- 13. Adsorption of sodium dodecyl sulfonate on alumina as a function of pH 
is 2 x 10 -3 M NaCI solution. (From Ref. 118.) 

B. Surface Areas from Negative Adsorption 

An interesting application of electrical double-layer theory has been to the 
estimation of surface area from the degree of exclusion from the solid- 
solution interface of ions having the same charge as that at the interface. 
According to Eq. V-2 and as illustrated in Fig. V-l, the concentration of 
negative ions should diminish near a negatively charged interface. As a 
consequence of this exclusion, the solution concentration should increase 
from n 0 to n$ on equilibration with the solid. By material balance, 



(XI-38) 



where s4 is the surface area of solid added to volume V of solution, T 
surface (negative) adsorption of the negative ions, and A/i 0 = «o 
the increase in concentration. 

Referring to Fig. V-l, the negative adsorption is given by 



is the 
wo is 



roc 



r- = 



(no - n ) dx 



0 



(Xl-39) 
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A final expression results if n ~ is replaced by the appropriate Eq. V-2, and 
dx expressed in terms of dty by means of Eq. V-l 1 . In simplifying the result, 
Van den Hul and Lyklema (92) obtain the approximate equation for aqueous 
1:1 electrolyte solutions at 20°C: 



where V is in cubic centimeters and concentrations are in moles per cubic 
centimeter. The method was applied successfully to the measurement of the 
surface area of Agl suspensions; the required assumption that \ty 0 was con- 
stant (and high) was met by addition of suitable concentration of 1 " ions. See 
Schofield (121, 122) and Edwards and Quirk (123) for additional examples. 



A very important class of adsorbents consists of those having charged 
sites due to ions or ionic groups bound into the lattice. The montmorillonite 
clays, for example, consist of layers of tetrahedral Si0 4 units sharing corners 
with octahedral Al 3 + , having coordinated oxygen and hydroxyl groups, as 
illustrated in Fig. XI-10 (112). In not too acid solution, cation exchange with 
protons is possible, and because of the layer structure, swelling effects 
occur, which are understandable in terms of ionic strength effects on double- 
layer repulsion (see Section VI-6B and Ref. 124). 

The. aluminum silicate can be regarded as networks of silicate tetrahedra 
with some replacement by aluminum, so that electroneutrality requires the 
inclusion of hydroxyl groups (i.e., protons) or of other cations. A tremen- 
dous variety of structures is known, and some of the three-dimensional 
network ones are porous enough to show the same type of swelling phenom- 
ena as the layer structures — and also ion exchange behavior. The zeolites 
fall in this last category and have been studied extensively, both as ion 
exchangers and as gas adsorbents (e.g., Refs. 125 and 126). As a recent 
example, Goulding and Talibudeen have reported on isotherms and calori- 
metric heats of Ca 2 + -K + exchange for several aluminosilicates (127). 

Organic ion exchangers were introduced in 1935, and a great variety is 
now available. The first ones consisted of phenol-formaldehyde polymers 
into which natural phenols had been incorporated, but now various polysty- 
rene polymers are much more common. Here RS0 3 ~ groups, inserted by 
sulfonation of the polymer, are sufficiently acidic that ion exchange can 
occur even in quite acid solution. The properties can be controlled by vary- 
ing the degree of sulfonation and of cross-linking. Other anionic groups, 
such as RCOO~,,may be introduced to vary the selectivity. Also, anion 
exchangers having RNH 2 groups are in wide use. Here addition of acid gives 
the RNH 3 + X~ function, and anions may now exchange with X". 

Both the kinetics and the equilibrium aspects of ion exchange involve 
more than purely surface chemical considerations. Thus, the formal expres- 



d = 



0.52 x 10 9 V An 0 



(XI-40) 



C. Counterion Adsorption — Ion Exchange 
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sion for the exchange, 

AR + B =: BR + A (Xl-41) 

where R denotes the matrix and A and B the exchanging ions, suggests a 
simple mass action treatment. The AR and BR centers are distributed 
throughout the interior of the exchanger phase and can be viewed as forming 
a nonideal solution. One may represent their concentrations in terms of mole 
fractions or, for ions of differing charge, equivalent fractions (this point is 
discussed in Ref. 128); sizable activity coefficient corrections are generally 
needed. Alternatively, the exchanger phase may be treated as essentially a 
concentrated electrolyte solution so that volume concentrations are used, 
but again with activity coefficient corrections. The nonideality may be ap- 
proached by considering the exchanger phase to act as a medium permeable 
to cations but not to the R or lattice ions, so that ion exchange appears as a 
Donnan equilibrium (see Section IV-10B), and specific recognition can then 
be given to the swelling effects that occur. Finally, detailed surface struc- 
tural information may be obtained from surface spectroscopic techniques, as 
in ESCA (Section VIII-4B) of ion exchange on cleaved mica surfaces (129). 

The rates of ion exchange are generally determined by diffusion processes; the 
rate-determining step may either be that of diffusion across a boundary film of solu- 
tion or that of diffusion in and through the exchanger base (130). The whole matter is 
complicated by electroneutrality restrictions governing the flows of the various ions 
(131, 132). 

As may be gathered, the field of ion exchange adsorption and chromatog- 
raphy is far too large to be treated here in more than this summary fashion. 
Refs. 133 and 134 are useful monographs. 

7. Photophysics and Photochemistry of the Adsorbed State 

There is a large volume of contemporary literature dealing with the structure and 
chemical properties of species adsorbed at the solid-solution interface, making use 
of various spectroscopic and laser excitation techniques. Much of it is phenomeno- 
logically oriented and does not contribute in any clear way to the surface chemistry 
of the system; included are many studies aimed at the eventual achievement of solar 
energy conversion. What follows here is a summary of a small fraction of this litera- 
ture, consisting of references which are representative and which also yield some 
specific information about the adsorbed state. 

A. Photophysics of Adsorbed Species 

The typical study consists of adsorbing a species having a known photoexcited 
emission behavior and observing the emission spectrum, lifetime, and quenching by 
either coadsorbed or solution species. Pyrene and surfactants containing a pyrene 
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moiety have been widely used, and also the complex ion Ru(2 t 2'-bipyridine)3 + , R. 
Pyrene, P, has the property of excimer formation, that is, formation of the complex 
PP*, where P* denotes excited-state pyrene, and the emission from PP* can give 
information about surface mobility. Both pyrene emission and that from R* have 
spectral and lifetime characteristics that are sensitive to local environment. Emission 
from R* may be quenched by electron-accepting or electron-donating species; in 
fact, it is the powerful oxidizing and reducing nature of R* that has made it an 
attractive candidate for solar energy conversion schemes. 

Surface heterogeneity may be inferred from emission studies, as in studies by de 
Schryver and co-workers on P and on R adsorbed on clay minerals (135, 136). In the 
case of adsorbed pyrene and its derivatives, there is considerable evidence for sur- 
face mobility (on clays, metal oxides, sulfides), as from the work of Thomas (137), de 
Mayo and Ware and co-workers (138), and Singer (139); there has also been evidence 
for ground-state bimolecular association of adsorbed pyrene (140). Pyrene or other 
emitters may be used as a probe to study the structure of an adsorbate film, as in the 
case of Triton X-100 adsorbed at the aqueous silica interface (141) and sodium 
dodecyl sulfate at the aqueous alumina interface (142). In both cases progressive 
structural changes were concluded to occur with increasing surfactant adsorption. In 
the case of Ru(2,2'-bipyridine)3 + adsorbed on porous Vycor glass, it was inferred 
that structural perturbation occurs in the excited state, R*, but not in the ground state 
(1 42a). 

Many of the adsorbents used have "rough" surfaces; they may consist of clusters 
of very small particles, for example. It appears that the concept of self-similarity or 
fractal geometry (see Section VI1-4C) may be applicable (143, 144). In the case of 
quenching of emission by a coadsorbed species, Q t some fraction of Q may be 
"hidden" from the emitter if Q is a small molecule that can fit into surface regions not 
accessible to the emitter (144). 

B. Photochemistry at the Solid-Solution Interface 

The most abundant literature is that bearing on solar energy conversion, mainly 
centered on the use of Ru(2,2'-bipyridine)5 + and its analogues. The excited state of 
the parent compound was found some years ago to be a powerful reducing agent 
(145), allowing the following spontaneous reactions to be written: 

R^ R* (XI-42) 

R* + H 3 0 + R + +■ 4H 2 + H 2 0 (XI-43) 

R + + 3H 2 0 — > R + 4O2 + H,0 + (XI-44) 

£H 2 0 -> £H 2 + J0 2 (XI-45) 

It is thus energetically feasible for R to catalyze the use of visible light to "split" 
water. The problem is that the reactions are multielectron ones and the actual indi- 
vidual steps are highly subject to reversal or to interception, leading to unproductive 
degradation of the excitation energy. Much use has been made of heterogeneous 
systems in an effort to avoid the problem. Thus, if R is adsorbed on a semiconductor 
such as Ti0 2 , R* might inject an electron into the conduction band of the adsorbent. 
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which might then migrate away and thus not back-react with the R~ formed. The 
subject has been extensively reviewed (see Refs. 146, 147), along with the general 
photophysical behavior of Ti02 (148). 

Silica and silicates have been used as a support for Ru(II) complexes (149-152), as 
has porous Vicor glass (153) and clays (154). Photoproduction of hydrogen using Pt- 
doped Ti0 2 has been reported (155), as well as the photodecomposition of water 
using Pd and Ru doping (156). Iron oxide (a-Fe 2 0 3 ) is also effective (157), as is a 
mixture of supported CdS and Pt on oxide particles (158). CdS, again a semiconduc- 
tor (159), promotes both photoisomerization (160) and electron transfer (161). Other 
surface photochemistries include that of ketones on various silicas (162) and zeolites 
(163), enone cycloaddition on silica gel (164), and surface-bound carbonyl complexes 
of Ru(0) (165). Ru(2,2'-bipyridine)3 + promotes the photoreduction of anthraquinones 
(on Si02 and Zr0 2 ) (166) and the hydrogenation of ethylene and acetylene (using 
colloidal Pt and Pd) (167), and Ru complexes can promote the photocleavage of C 2 H 2 
to give CH 4 (168). 

Returning to the matter of water splitting, no commercially attractive system has 
been found — yields are too low, UV light is needed, and a sacrificial reagent is used 
whose cost is prohibitive. A great deal of interesting surface chemistry and photo- 
physics has been learned in the process, however. Actually, reaction XI-45 is of 
dubious practicality even if it were feasible since an explosive and difficultly sepa- 
rable mixture of gases is produced. Of much greater potential value would be the 
photoreduction of C0 2 to CH 4 (by water), and this reaction has actually been re- 
ported to occur using a Ru colloid and a Ru(II) complex (169). 

8. Problems 

1. An adsorbed film obeys a modified Amagat equation of state, mr = qkT (see 
Eq. Ill- 107). Show that this corresponds to a Freundlich adsorption isotherm (Eq. 
XI- 15) and comment on the situation. 

2. One hundred milliliters of an aqueous solution of methylene blue contains 3.0 
mg dye per liter and has an optical density (or molar absorbency) of 0.80 at a certain 
wavelength. The solution is then equilibrated with 25 mg of a charcoal, and the 
supernatant solution is now found to have an optical density of 0.20. Estimate the 
specific surface area of the charcoal. 

3. The adsorption of stearic acid from n-hexane solution on a sample of steel 
powder is measured with the following results: 



Concentration Adsorption Concentration Adsorption 

(mM/li) (mg/g) (mM/li) (mg/g) 



0.01 0.786 0.15 1.47 

0.02 0.864 0.20 1.60 

0.04 1.00 0.25 1.70 

0.07 1.17 0.30 1.78 

0.10 1.30 0.50 1.99 



Explain the behavior of this system, and calculate the specific surface area of the 
steel. 
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4. Dye adsorption from solution may be used to estimate the surface area of a 
powdered solid. Suppose that if 2.0 g of a bone charcoal is equilibrated with 100 cm 3 
of initially 10~ 4 M methylene blue, the final dye concentration is 0.4 x 10" 4 M, while 
if 4.0 g of bone charcoal had been used, the final concentration would have been 
0.2 x KT 4 M. 

Assuming that the dye adsorption obeys the Langmuir equation, calculate the 
specific surface area of the bone charcoal in square meters per gram. The molecular 
area of methylene blue in a monolayer may be taken to be 65 A 2 . 

5. The adsorption of Aerosol OT on Vulcan R was found to obey the Langmuir 
equation (170). The plot of Clx versus C was linear, where C is in millimoles per liter 
and x is in micromoles per gram. For C = 0.5, Clx was 100; the plot went essentially 
through the origin. Calculate the saturation adsorption in micromoles per gram. 

6. The adsorption of stearic acid on Spheron 6 was measured using various sol- 
vents, with the results shown. 

Millimoles Adsorbed per 
Gram at: 

Solvent N 2 = 0.001 N 2 = 0.004 

Cyclohexane 0.030 0.050 

Ethyl alcohol 0.015 0.025 

Benzene 0.008 0.010 

Calculate for each case the apparent specific surface area of the Spheron, assuming 
the Langmuir equation to hold. State any other assumptions made; discuss the 
significance of your results. 

7. Referring to Eq. XI-1, show that 2 n) = 0 if the sum is over all of the solution 
components. 

8. Irreversible adsorption as defined in Section XI-3 poses a paradox. Consider, 
for example, curve 1 of Fig. XI-4 and for a particular system, let the "equilibrium" 
concentration be 0.025 g/100 cm 3 , with a corresponding 6 value of about 0.5. If the 
adsorption is irreversible, no desorption would occur on a small dilution; on the other 
hand, more adsorption would occur if the concentration were increased, If adsorp- 
tion is possible, but not desorption, why does adsorption stop at B = 0.5 instead of 
continuing up to 0 = 1? This is the paradox. Comment on it and on possible explana- 
tions. 

9. Derive Eq, XI-24. 

10. In a study of the effect of pressure on adsorption, for a system obeying the 
Langmuir equation (and Eq. Xl-3 assuming ideal solutions and a x = I), the value of 
K is 3.32 x 10 4 at I atm pressure and 1.31 x 10 4 at 3000 bar pressure at 25°C. 
Consult appropriate thermodynamics texts, and calculate A V, the volume change for 
the adsorption process of Eq. XI-2. Comment on the physical significance of A V. 

11. For the adsorption on Spheron 6 from benzene-cyclohexane solutions, the 
plot of yViN 2 /«o AN 2 versus N 2 (cyclohexane being component 2) has a slope of 2.3 
and an intercept of 0.4. (a) Calculate K. (b) Taking the area per molecule to be 40 A 2 , 
calculate the specific surface area of the Spheron 6. (c) Make a plot of the isotherm of 
composition change. Note: assume n 5 is in millimoles per gram. 
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12. Equation XI-30, 

(K - 1)/V,N 2 



n s 2 (apparent) = n s 



1 + (K - \)N 2 



will, under certain conditions, predict negative apparent adsorption. When such 
conditions prevail, explain to which of the isotherms of composition change shown in 
Figure XI-7 the calculated isotherm will most closely correspond. 

13. The example of Section XI-5B may be completed as follows. It is found that 
0 = 0.5 at a butanol concentration of 0.3 g/100 cm 3 . The heat of solution of butanol is 
25 cal/g. The molecular area of adsorbed butanol is 40 A 2 . Show that the heat of 
adsorption of butanol at this concentration is about 50 ergs/cm 2 . 

14. The adsorption of polystyrene polymer, of molecular weight 300,000, on car- 
bon from toluene solution was studied. The carbon used had a specific surface area of 
120 m 2 /g, and a saturation adsorption of 33 mg of polymer per gram of carbon was 
found. The adsorption was 28 mg/g at a concentration of 0.1 mg of polymer per 
milliliter, (a) Assuming the Langmuir equation to be obeyed, calculate the Langmuir 
b constant, (b) Do the same, using Eq. XI- 19, and assuming that v ~ 50. (c) Plot the 
complete isotherms, as calculated according to (a) and to (b) and comment on the 
degree of experimental precision needed to distinguish between them, (d) Calculate 
the number of polymer molecules adsorbed per particle of carbon at saturation. 

15. Referring to Section XI-6B, the effect of the exclusion of coions (ions of like 
charge to that of the interface) results in an increase in solution concentration from 
«o to riQ. Since the solution must remain electrically neutral, this means that the 
counterions (ions of charge opposite to that of the interface) must also increase in 
concentration from n 0 to no- Yet Fig. V-l shows the counterions to be positively 
adsorbed. Should not their concentration therefore decrease on adding the adsorbent 
to the solution? Explain. 

16. The uv-visible absorption spectrum of Ru(2,2'-bipyridine) 2+ has a maximum 
at about 450 nm, from which the energy in volts for process XI-42 may be estimated. 
The standard reduction potential for the R + /R couple is about 1.26 V at 25°C. Esti- 
mate from this information (and standard reduction potentials) the potential in volts 
for processes XI-43 and XI-44. Repeat the calculation for alkaline solutions. 
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